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The most frequent cause of insufficient acid production during

fermentation of dairy products is bacteriophage infection of lactic

starter cultures. Previously, efforts to minimize this problem have

dealt primarily with the host range relationships of the viruses and

susceptibility patterns of the lactic streptococci. This study was

undertaken to characterize the host range, morphology, and nucleic

acid types of 35 lactic streptococcus bacteriophages; and to investi-

gate the interrelationship between these characters.

Preliminary experiments revealed a simple procedure for

obtaining high titer phage preparations. In addition, a simple pro-

cedure for storage of stock lysates was found to be effective in main-

taining phage viability for more than two years.

Host range determinations showed that considerably more hosts

were lysed at high than at low titer. Groupings of phage were more



apparent with low titer host range patterns. Several hosts that

plated heterologous phages at low efficiency of pla.ting (E. O. P. ) were

further investigated. A single cycle of growth through these hosts

produced progeny phage that plated with low E. 0. P. on the original

hosts, due either to host controlled modification or host range

mutation.

Electron microscopy studies revealed phages of the same

general shape, differing only in size of the component structures. All

of the phages examined had non-contractile tails with a tail end plate

structure, typical of the double stranded DNA phages of Bradleys

Group B. Head size ranged from 320-850 A in diameter. Tail

lengths ranged from 850-5200 X. Six types of ta.11 end plate,

structures were observed. The presence of a collar was observed

for nine of the lactic phages. Ten separate morphological groups

were characterized on the basis of similarity in head size and shape,

tail length, tail plate structure, and the presence or absence of a

collar.

Two phage species, w401x1 and w407x1, were unique from the

others with respect to head size and tail length. Head diameters

ranged from 700-850 X and tail lengths from 2000-5200 X . The

most striking feature of these two phages was the long winding tail of

variable length. In addition, these two phages did not form plaques on

lawns of the strains which gave rise to the lysate. An extensive

search for an indicator strain was not made.



The morphology groups showed no correlation with groups based

on host range pattern.

The buoyant density of these phages covers a wide range, from

1. 428 to 1. 531 g /cc. On the basis of the DNA melting profile, all of

the phages in this study proved to be double stranded. The GC base

composition ranged from 32. 7 to 40.0 percent.

Genome sizes of the lactic phages were determined on the

basis of renaturation kinetics. Genome sizes ranged from 6 to

24 x 106 daltons.

Renaturation kinetics were also used to assess polynucleotide

similarity among the lactic phages. DNA homology ranged from zero

to 100 percent.

An orderly relationship between percent homology, GC base

composition, morphology, and host range pattern was not revealed.
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STUDIES ON HOST RANGE, FINE STRUCTURE, AND NUCLEIC
ACIDS OF LACTIC STREPTOCOCCUS BACTERIOPHAGES

INTRODUCTION

Bacteriophage lysis of lactic acid bacteria was reported as

early as 1925 (7). It has since been shown to be one of the most

in o f-tnt causes of slow acid development in fermented dairy pro-

ducts (3, 6). When the manufacture of cheeses and fermented milk

products is affected by phage, conditions favorable for undesirable

changes can occur. As a result, rancid, putrid, or other off flavors,

growth of pathogens or toxin production, interrupted time schedules,

and financial losses are possible (6). Much research has been

directed toward the needs of the dairy industry in an effort to

selectively inhibit these viruses (3).

The infection of a growing bacterial culture by bacteriophage is

initiated by the adsorption of the phage to the host cell. The speci-

ficity of adsorption of the lactic streptococcus bacteriophages to their

homologous host and location of phage receptor substances was

reported by Oram and Reiter (13), Calcium or some other suitable

divalent metal ion is required to permit passage of the nucleic acid

from the phage head through the hollow phage tail and into the host

cell (2). The events that follow injection of the phage DNA into the

cytoplasm of the host cell are determined by the nucleic acid of the
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bacteriophage. Latent periods and burst sizes of some phages for

lactic streptococci were reported recently by Keogh (10).

Hydrogen ion concentration of the medium is an important factor

in the proliferation of lactic streptococcus bacteriophages. The

optimum for most strains is 6. 5 to 7. 0 (14), Most phages for the

lactic streptococci show a wider diversity of reaction to temperature

than their homologous hosts, propagating at temperatures ranging

from 20 to 40°C (9).

The morphology of these phages is reported to be a head and

tail structure with a total length ranging from 1500 to 2200 X (1, 10).

One of the most commonly used methods of controlling the

action of bacteriophages on lactic streptococci consists of mixing

strains of bacteria which differ widely in sensitivity to bacteriophages.

Numerous investigations have been initiated with the object of report-

ing the phage sensitivities of different cultures. The literature is

replete with host range studies and phage typing of the lactic strepto-

coccal bacteriophages (4, 5, 8, 11, 12, 15, 16, 17, 18, 19). This

type of phage classification has not yet evolved to a state of under-

standing or organization.

The purpose of the present investigation was to provide basic

knowledge concerning the lactic streptococcus bacteriophages. A

simple method of obtaining high titer phage preparations is reported

here. In addition, host range, morphology, and nucleic acid



homology, and the interrelationships of these three characters was

investigated.
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PREPARATION AND STORAGE OF HIGH-TITER LACTIC
STREPTOCOCCUS BACTERIOPHAGES

Introduction

Lactic streptococci are of critical importance to the dairy

fermentation industry because these bacteria supply the lactic acid

for curd production and their metabolic products impart characteris-

tic and desirable flavors. Bacteriophage infection of these starter

cultures results in insufficient acid production and usually a failure of

the fermentation. The economic and public health consequences of

these failures are well known (6). Various approaches have been

utilized in an attempt to minimize bacteriophage infection during dairy

fermentations. The use of culture rotation (4, 6, 15), mixed strain

starter cultures (6, 15, 21), and a phage inhibitory medium (12) are

currently in general use. These techniques never completely prevent

failures, and constant precautions to prevent culture infections are

advised.

The use of mixed strains and starter rotations relies on the

utilization of lactic streptococci that are resistant to a diversity of

bacteriophages. Periodic examination of virus resistance patterns of

starter cultures is advisable. However, convenient techniques for the

isolation and maintenance of bacteriophage stocks, which would be

useful to the dairy industry, presently are not available.
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Previous studies of lactic streptococcus viruses have dealt

with electrolyte requirements and the influence of culture medium on

the efficiency of plating (2, 3, 5, 9, 19, 20). Other studies dealing

with bacteriophage propagation have not dealt specifically with the

development of high titers and have not been concerned with extended

survival times of the viruses (10, 11, 13, 18, 22).

In the present study, two procedures are described for routinely

obtaining bacteriophage titers in excess of 1010 plaque-forming units

(pfu)!ml. A simple storage procedure also is described which has

proven suitable for maintaining these high titers during a two-year

study period.

Materials and Methods

Bacteriophages and Hosts. Seventeen bacterial cultures and

their homologous bacteriophage were obtained from Barbara Keogh,

C. S. I. R. 0. , Melbourne, Australia. The host organisms used were

Streptococcus diacetilactis DRC1, DRC2, and DRC3; S. lactis C2,

C10, and H1, and S. cremoris EB4, EB7, EB9, ML1, HP, E8, Cl,

C3, C11, C13, and R6.

Media. The phages were propagated at 30°C in either lactic

broth (7) or sterile Matrix Mother Culture Medium (11% milk solids,

Galloway West, Fond du Lac, Wisc. ) with 1. 5% litmus added. Stock

cultures of host organisms were maintained by weekly transfer of a
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1% inoculum in 10 ml of the sterile litmus milk and incubated at 30°C

for 14 to 18 hours. Culture lysates were assayed for plaque-forming

units by the double layer plate method of Adams (1) by using lactic

broth supplemented with Bactoagar (1. 5% bottom layer; 0. 8% top

layer), and seeded with about 107 host cells.

Propagation of Phages in Milk. Host cultures selected for these

experiments were EB4, EB7, EB9, ML1, E8, C2, DRC1, DRC3, Cl,

C3, C11, and C13. For each host, eight tubes of litmus milk (10 ml

each) were inoculated with 0. 1 ml taken from a 24-hr litmus milk

culture and then incubated at 30°C. Duplicate tubes were infected

with 105 to 106 phage particles at each of four incubation times:

1/2 hour, 2 hours, 4 hours, and 6 hours. The infected cultures were

incubated overnight at 30°C, and the appearance of each tube was

recorded. Sterile lactic acid was added to a final concentration of

1% (v/v) to aid in whey separation. The contents were centrifuged

(15 min at 10, 000 x g), filtered through a membrane nitrocellulose

filter (Millipore Corp. ), 0. 45 1.1.m, to remove any bacterial cells or

other debris, and titered for plaque-forming units per milliliter.

Influence of Buffer on Phage Growth in Lactic Broth. Experi-

ments were initiated to study the influence of tris(hydroxymethyl)-

aminomethane (Tris) buffered lactic broth on phage propagation.

Control experiments indicated that 0. 1 M Tris (pH 7. 1) did not affect

the growth of the host and was effective in maintaining the pH above
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6. 5 through 3.5 hours of growth. A comparative study was made of

five phage-host systems propagated in Tris-neutralized (0. 1 M,

pH 7. 1) or unneutralized lactic broth. Ten ml portions of an over-

night culture containing 109 colony-forming units /ml were inoculated

into 50 ml of the respective broths. The flasks were inoculated with

homologous phage at zero time, incubated on a shaker at 34°C, and

titered after 6 hours.

Effect of Polyethylene Glycol (PEG) on Concentration of Phage

Lysates. Phage lysates were prepared on the shaker in lactic broth

made 0. 1 M with Tris-hydrochloride buffer as described in the pre-

ceding section. Concentration of the lysates was achieved in an

aqueous PEG-NaC1 two-phase system (23). The influence of NaCi

concentration on phage recovery was studied in the initial stages of

the study. NaCl was added to some of the lysates in 1 M concentra-

tion and to others in 0. 5 M concentration. Immediately after centri-

fuging in the presence of NaC1, PEG (Carbowax 4000) was added to

the supernatant at 10% (wt/vol). The flasks were stored at 4°C over-

night and the contents centrifuged for 20 min at 10,000 x g and

decanted. The pellet was suspended in 1/33 of the original volume of

lactic broth (1. 5 ml) and the phage suspension was titered.

Storage by Freezing in Glycerol. Litmus milk whey lysates

containing 15% (v/v) added glycerol were frozen at -22°C. They were

thawed and refrozen as needed. The lysates were titered periodically.
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Results and Discussion

Bacteriophage Titers in Litmus Milk. Preliminary experiments

demonstrated that the lactic bacteriophage were quite unstable when

stored as low-titer lysates (less than 10 4 pfu /ml). For example, when

such lysates were maintained in natural or neutralized (0. 1 M Tris,

pH 7) whey, 50% of the bacteriophage strains could not be recovered

after only 7 days at 2 C, For this reason it was necessary to develop

a convenient system to achieve and maintain lysates with high titers.

Infecting the culture at different times during the growth cycle

affected the final phage titer, and it was found (Table 1) that the time

of bacteriophage addition was critical. Highest titers were achieved,

with only three exceptions (eb4, c2, and c13), by using a 1% (v/v) host

inoculum, 30°C incubation, and infecting the culture at 4 hours. When

infection was delayed until 6 hours, there was a dramatic drop in

the final titer attained by most bacteriophages. At optimum

infection times, the final titers were generally two to three

logs higher than that previously reported for lactic bacterio-

phages propagated in milk (8, 11, 17, 18, 19). After 18

hours of incubation, the highest bacteriophage titers were obtained

from litmus milk cultures showing incomplete reduction, little acid,

and slight or no coagulation. On the other hand, host cultures
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infected at 6 hours (low final bacteriophage titers) were completely

reduced and firmly coagulated. Thus, the degree of successful

bacteriophage propagation may be readily monitored by inspection of

the tube contents for the extent of coagulation.

Preparation of High Titers from Lactic Broth Cultures. Produc-

tion of milligram quantities of bacteriophage was necessary for the

nucleic acid characterization studies. A preliminary report by

Lowrie deals with the preparation of a large volume of high-titer

lactic bacteriophage (16). In that report, dealing only with phage m13,

the host was concentrated 10-fold just prior to infection in fresh,

double-strength medium containing 0. 005 M calcium borogluconate.

In our hands, several modifications of this procedure with several

other phage-host systems, did not yield satisfactory results. There-

fore, a reliable system was developed for achieving titers of 10 10 to

1013 pfu/m1 by using buffered lactic broth coupled with the PEG-

NaC1 concentration technique.

The use of 0. 1 M Tris was found to maintain the pH near 7.0

without any adverse effects on bacterial growth. Table 2 compares

the results of phage infection of homologous hosts in unbuffered or

Tris-buffered lactic broth. In each instance, a lower final titer in

the absence of added buffer was observed. More significant were the

much higher final titers found with c2, c10 (1), and eb7 in Tris-

buffered as compared with unneutralized lactic broth. These fast
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acid-producers apparently overwhelm the phage particles with acid

and thereby prevent any significant increase in titers. There exists

a serious problem then, when a low-titer phage preparation is used

for inoculum. In contrast, infection of even fast acid-producers is

achieved with a few milliliters from a low phage titer lysate in 0. 1 M

Tris-buffered lactic broth.

1011 pfu/m1 are obtained.

Thus, final titers greater than 1010
to

The effect of pH on production of phage particles has been

documented (8, 14, 19). The current study is in agreement with

earlier observations but offers a simple, routine procedure for over-

coming the pH problem for preparation of large volumes of lactic

bacteriophages in high titer.

Concentration of Phage Lysates. Yamamoto et ad. (23) recently

reported that PEG-NaC1 solutions would allow rapid bacteriophage

sedimentation by low-speed centrifugation and that large scale virus

purification could be obtained with its application. As shown in Table

3, the average lysate was concentrated 10-fold by using 0. 5 M NaCl.

With 1 M NaCl, the average concentration was 10-fold, but occasion-

ally reached as high as 100-fold. The 1M concentration proved more

effective and was used routinely. When using 1 M NaC1, more than

99. 9% of the phage was removed from the lysate. Final titers of 1

to 30 x 1010 pfu /ml were routinely achieved. One point of interest

was that before centrifugation or addition of PEG, the lysates suffered
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up to a 100-fold decrease in titer after standing overnight in 1 M

NaCI. This indicated that the procedure should not be interrupted

before the PEG is added to the salt solution. The use of PEG other-

wise proved to be a fast, economical, and efficient technique to obtain

large amounts of high-titer lactic phage lysate. In fact, one liter of

lysate, prepared and concentrated as described above, yielded 2 to

4 mg of DNA. Without PEG, the volume of lysate required to obtain

this same yield would be 10 to 50 liters. Preparation of broth lysates

in the absence of Tris buffer, particularly from fast acid-producers,

would be impractical, requiring from 100 to 10,000 liters of lysate

to obtain milligram yields of phage.

Storage of Lysates in 15% Glycerol. Freezing in 15% glycerol

was investigated as a means of storage for bacteriophage stocks in

whey lysates. This method had been examined by Henning (11) who

suggested that phages stored at -20°C in sterile 10% nonfat milk with

15% glycerol added could be recovered after freezing and thawing.

Unfortunately, no data were provided to substantiate the usefulness

of this menstrum. We have found that, although the percentage of

survival varied with each phage, storage of viruses in a 15%

glycerol-whey mixture was very effective in maintaining stock phage

suspensions, at low as well as high titer, for 2 years or more, even

with repeated freezing and thawing (Table 4).
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Table 1. Final titers and appearance of litmus milk cultures follow-
ing staggered phage infections.

Time Phage
Phage Added

(hr)

Appearance of 18 -hr
Infected Culture Phage Titer

(pfu /ml x 108)
Acid Reduction Coagulation

eb4 1 /2a + ++++b ++++ 3, 6
2 + ++++ ++++ 5. 3
4 + ++++ ++++ 2, 5
6 + ++++ ++++ -

eb 7 1 /2 + - 23. 0
2 _ ++ - 150. 0
4 + +++ - 320.0
6 + +++ ++++ 0.0001

eb 9 1/2 _ - - 13.0
2 - - 18.0
4 - ++ 30. 0
6 + ++++ ++++ 0. 11

mll 1/2 - - 57.0
2 - 150. 0
4 - ++ - 980.0
6 + ++++ ++++ 21.0

e8 1 /2 + ++++ ++ 32. 0
2 + ++++ ++ 88.0
4 + ++++ ++ 2 90. 0
6 + ++++ ++++ 90.0

c2 1 /2 + ++++ ++ 33. 0
2 + ++++ ++++ 340.0
4 + ++++ ++++ 0. 35
6 + ++++ ++++ 0. 0029

c10(1) 1/2 79.0
2 330. 0
4 ++ 1000.0
6 ++++ ++++ 0. 00 1

c10(2) 1/2 79. 0
2 340. 0
4 ++ 600. 0
6 ++++ ++++ 0. 001

(Continued on next page)
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Table 1. (Continued)

Time Phage Appearance of 18-hr Phage Titer
Phage Added Infected Culture (pfu/ml x 108)

(hr) Acid Reduction Coagulation

drcl 1 /2 - - 170.0
2 - - 460.0
4 ++ 3800.0
6 + ++++ ++++ 1400.0

drc3 1 /2 + ++++ ++++ 91.0
2 + ++++ ++++ 320.0
4 + ++++ ++++ 2200.0
6 + ++++ ++++ 2000.0

cl 1 /2 + ++++ - 1.0
2 + ++++ 77.0
4 + ++++ 1100.0
6 + ++++ ++++ 5.0

c3 1 /2 + ++++ ++++ 6.0
2 + ++++ ++++ 30.0
4 + ++++ ++++ 100.0
6 + ++++ ++++ 1.0

cl 1 1 /2 + ++++ ++++ 13.0
2 + ++++ ++++ 29.0
4 + ++++ ++++ 94.0
6 + ++++ ++++ 15.0

c13 1 /2 + ++++ ++++ 16.0
2 + ++++ ++++ 53.0
4 + ++++ ++++ 230.0
6 + ++++ ++++ 410.0

aDuplicate tubes with 10 ml of litmus milk were inoculated with 1%
(w/v) of the host culture, then infected with 105 to 106 pfu/ml
homologous phage at the indicated times. The appearance of the
milk and phage titers was observed after 1 8 hr at 30°C. Results
with each phage are the average of two experiments.

b "+" indicates intensity of reaction; "-" indicates no reaction.
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Table 2. Comparison of final phage titers in lactic broth and Tris
neutralized lactic broth.

Phage-Host Phage
System Inoculum

c2 6. 0 x 104

eb7 1. 0 x 10 5

c10(1) 2. 3 x 10 5

drcl 6. 0 x 10 6

drc3 8. 0 x 106

final Titers and pHa
Without Tris With Trisb

,pfu /ml pH pfu /ml pH

8. 7 x 107

4. 9x 10 8

3. 0 x 10 6

7. 7 x 10 10

1. 2 x 10 10

4. 7

4. 5

6. 2

5. 9

4. 0 x 10 11

4. 2 x 10 10

6. 0 x 10 10

3. 0 x 10 11

5. 5 x 10 11

6. 0

6. 1

6. 7

6 5

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

aThe final pfu /ml and pH were recorded after 6 hours of incubation.

b0. 1 M Tris; initial pH with Tris 7. 1; without Tris, 6. 6.



Table 3. Influence of NaCl and the concentrating effect of PEG on titers (pfu /ml) of phage lysates. a

Phage-
Host

System

Titer of Lactic Broth
Lysate after
Addition of

After
Overnight

in 1 M NaC1

Titer of PEG Concentrated
Lysate from Titer of

Supernate
1. 0 M NaC1 0. 5 M NaC1 1. 0 M NaC1 0. 5 M NaC1

eb7

mll

drc2

drcl

drc3

c2(W)

c10(1)

c10(2)

hl

P2

r6

1.

1.

4.

9.

2.

9.

6.

1 x 10 9

11 x 1010

-

3 x 109

5 x 10 10

1 x 0
10

0 x 10 9

8 x 10 10

1. 2 x 10 10

6. 0 x 10 10

1. 6 x 1010

1. 3 x 10 8

6. 7 x 108

7. 0 x 10 7

1. 1 x 10 10

8. 3 x 10 10

2. 4 x 10 10

3. 3 x 10 10

1.O x 10 12

7.2x 10 12

3. 7 x 10 12

123. 1 x 10

1. 0 x 10 11

5.4 x 1011

10113. 0 x 10

2.

2.

1.

2 x 10 7

6 x 10 7

1 x 10 7

aHost cells and phage were inoculated simultaneously as described in the Methods into 50 ml or
one liter of lactic broth containing 0. 1 M Tris buffer, pH 7. 1 at 34 °C. PEG concentration was
initiated after 6 hours of phage propagation.



Table 4. Comparison of phage titers (pfu /ml) after repeated freezing a and thawing of a 15% glycerol
whey lysate.

Initial Phage
Titer x 101

No. Times Thawed
and Refrozen

Length of
Storage

(months)

Final Phage
Titerb x 107 % Survival

eb4 Trial 1 730 6 7.5 740 101.2
Trial 2 250 9 10 280 112. 0

250 18 29 270 108. 0

eb7 Trial 1 190 6 7. 5 150 78. 9
Trial 2 3, 200 13 11 2, 700 84, 4

3, 200 20 29 2, 470 77. 0

mll 100 8 7. 5 92 92. 0

e8 Trial 1 380 3 7. 5 4 1. 1
Trial 2 2, 900 8 10 700 24. 1
Trial 3 440 3 9 330 75. 0

440 12 27 320 72.7

hp 1, 100 12 10 1, 100 100. 0
1, 100 20 29 1, 020 92. 8

c2 700 7 7. 5 440 62. 9
700 16 24 430 61. 5

c2(w) 90 4 7. 5 91 101. 0

(Continued on next page)



Table 4. (Continued)

Initial Phage
Titer x 107

No. Times Thawed
and Refrozen

Length of
Storage
(months)

Final Phage
Titerb x 107 % Survival

c10(1) Trial 1 1, 500 6 7. 5 570 38. 0

Trial 2 10, 000 8 11 3, 000 30. 0

10, 000 20 29 2, 900 29. 0

c10(2) Trial 1 1, 900 6 7. 5 460 24. 2

Trial 2 8, 200 10 11 1, 100 13. 4

Trial 3 0. 000023 5 12 0.0000081 35.2

drcl Trial 1 2, 000 8 7. 5 820 4. 1

Trial 2 40, 000 8 11 1, 700 4. 3

40, 000 20 29 1, 200 3. 0

drc2 Trial 1 180 9 7. 5 203 112. 8

Trial 2 2, 900 10 10 2, 400 82. 8

2, 900 20 29 2, 400 82. 8

Trial 1 2, 600 6 7, 5 1, 000 38. 5

Trial 2 11, 000 12 11 2, 500 22. 7

11, 000 20 29 1, 800 16. 4

c3 Trial 1 110 9 7. 5 114 103.7

Trial 2 1, 000 12 11 930 93. 0

1, 000 20 29 930 93. 0

Trial 3 300 12 11. 300 100. 0

(Continued on next page)



Table 4. (Continued)

Initial Phagie
Titer x 10

No. Times Thawed
and Refrozen

Length of
Storage
(months)

Final Phage
Titerb 107 % Survival

cl 1

c13

Trial 1
Trial 2

Trial 1
Trial 2
Trial 3

380
940
940

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

10
13
20

10
3

16
20

7.
11
29

7.
11
11
29

5

5

420
810
790

1, 400
2, 700

900
890

110. 4
86. 3
84. 0

45. 2
66. 0
39. 1
38. 7

aLysates were frozen at -22 °C and thawed in a 37°C water bath.

bpfu./m1
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HOST RANGE STUDIES ON LACTIC STREPTOCOCCUS
BACTERIOPHAGES

Introduction

Bacteriophages were first suspected of having serious economic

and public health implications for the food industry after 1935, when

Whitehead and Cox reported bacteriophage specific for the lactic

group of streptococci as the cause for "dead vats" (28). The dairy

industry, in particular, has become acutely aware of the need to

prevent bacteriophage infection during milk fermentations, and much

research has been directed toward this end. The problem of bacterio-

phage encountered during dairy fermentations can lead to a variety of

difficulties. In addition to the disruption of the timed operation, pro-

duction of insufficient lactic acid can lead to financial loss, an

inferior or worthless product, or favorable conditions for growth of

pathogens or toxin formation (9). Efforts to minimize this problem

have included the following: development of phage resistant strains

(9, 15, 18), although this has not been as effective as might be

expected; use of hypochlorite treatment (9, 17), which has been found

effective in some plants; removal of calcium from the growth

medium (6, 11, 12, 25); the use of a culture rotation program (5, 8,

9, 26), which has had favorable results in New Zealand; and the use of

mixed strain lactic starters (3, 5, 9), which has been the practice of

most cheese makers in the United States,
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been studied by a number of different investigators, in an effort to pro-

tect starter cultures in the dairy industry from contaminating bacterio-

phages. Collins (4, 5), Czulak (7), Hunter (15), and Nichols and Wolf

(23) investigated the phage relationships of starter cultures, but few

workers have studied the host range of the phage as a means of phage

classification. Nichols and Hoyle (22) and Wilkowski et al. (30) investi-

gated serological methods as a means of differentiating phages active

against the lactic streptococci. They found a low correlation between

serological and host range techniques of classification. The present

study was undertaken for the purpose of investigating host-range phage

relationships among 39 phages and 86 isolates of lactic streptococci. It

was anticipated that the information would be of use in classifying lactic

streptococcus phages based on host-range data obtained under two con-

ditions. This information would be useful to the dairy and cheese

industries for devising culture rotation programs and revealing speci-

fic strains of lactic streptococci which are resistant to the greatest

number of phages.

Materials and Methods

Bacterial Cultures and Bacteriophages. Eighty-six host strains

from three sources and 39 bacteriophages from two sources were

employed in the host range study. Twenty-one Streptococcus host

strains and 20 respective bacteriophages were received from

Barbara Keogh, C. S. I. R. 0. , Melbourne, Australia. Twenty-six
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hosts were received from Micro life Technics, Sarasota, Florida.

Twenty-one Streptococcus cultures were obtained from the collection

maintained in the Department of Microbiology at Oregon State,

University (Table 1). Eighteen S. cremoris host strains were iso-

lated as pure cultures from mixed strain pairs used as cheese starter

cultures at Hillside Cheese Factory, Chilton, Wisconsin. Nineteen

bacteriophages were isolated from cheese whey samples on lawns of

these S. cremoris host strains obtained from this cheese plant. By

picking phages from plaques and repeating the propagation and

plaguing process three times, pure strains of phages were isolated.

These 19 Wisconsin phage isolates were employed in the host range

experiments in addition to the Australian phage isolates (Table 1).

Media. The lactic streptococci were maintained in 11% sterile

(121°C for 12 min) nonfat milk (Matrix Mother Culture Media) by

weekly transfer of a 1% inoculum. Lactic broth, supplemented with

Bactoagar (1. 5% bottom layer; 0. 8% top layer) was used when assay-

ing for plaque-forming units. When dilution of the phage stock was

required, a diluent consisting of 1% tryptone plus 5 x 103 M Ca.C12

was used.

Phage Preparation. High titer phage lysates were prepared in

litmus milk as previously described (24). Phage titers ranged from

4. 0 x 109 to 4.0 x 1011 plaque-forming units per ml (pfu/m1). Lysates

were stored in whey with 15% glycerol and frozen at -22°C. They

were thawed and refrozen as needed.
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Lysates used in the low titer host range experiments were pre-

pared by diluting a small quantity of the high titer stock in the phage

diluent, just prior to use, to a final titer of 250-500 pfu/ml.

Host Range Determination. To determine the host range of each

phage in high titer, the phage lysates were replicated onto lawns of

different lactic streptococcus hosts. The equipment used was

described by Henning et al. (14). A lawn of a single strain to be tested

was prepared by flooding 3 ml of semi-solid agar containing 5 x 107

bacteria over a predried, sterile layer of lactic agar. The procedure

followed for inoculation of each test lawn has been described (14). The

inoculated plates were incubated overnight at 30°C and were then

examined for zones of lysis. Each lawn was tested in duplicate. The

presence of viable phage on the inoculation device was determined by

plaguing of the phage lysates on homologous host lawns.

The brass replicating device did not prove to be reliable for the

determination of host range at low titer. The procedure used here

consisted of individual plating using the overlay method. One milli-

liter of the diluted lysate (250-500 pfu /ml) was incubated with 0. 3 ml

of each host in the log phase of growth for 10 min at room tempera-

ture. Then 3 ml of semi-solid agar overlay was added and the plates

poured. The plates were incubated overnight at 30°C. They were

then examined for the presence of lytic zones and the number of

plagues on each test strain was counted.
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Phage Propagation on Heterologous Hosts. Isolated plaques

were picked from each of seven heterologous host lawns and used to

infect a 4-hour litmus milk culture of that same host at 30°C. Follow-

ing overnight incubation at 30°C, the culture was centrifuged, the

whey decanted and filter sterilized. Titers of this lysate were

obtained on lawns of the original host and on the new propagating host

strain.

Results and Discussion

Host Range Determination. The results of the host range in

high titer and in low titer are displayed in Tables 2 and 3, respec-

tively. All low titer host range data were reproducible as evidenced

by replicate plating on heterologous hosts.

At high titer, the 20 Australian phages were capable of lysing

representatives of nearly all host species obtained from the four

geographical study regions. Nine phages, c2, c10(1), c10(2), drcl,

drc2, drc3, r6, m13 and hl, formed plaques on other species of

lactic streptococci than the homologous host species. Phages c10(1),

c10(2), drc3, eb7 and cl were particularly promiscuous in their

lysis of the test strains. A starter culture strain which was suscep-

tible to one of these five phages was generally susceptible to at least

two of the others as well. Needless to say, it would be most unde-

sirable to have a dairy fermentation contaminated with these phage

strains.
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It is possible to estimate the lack of host specificity by calculat-

ing the fraction of positive lytic reactions obtained in a host range

study. Thus, in Table 2, 20 Australian phages were tested for lytic

reactions on 13 S. cremoris host strains from Australia, Complete

lack of specificity would yield 260 plus (+) reactions. The actual

observed reaction yielded 46 lytic responses, or about 18% of the

maximum for complete lack of specificity. On this basis, it can be

demonstrated that the Australian phages were about as capable of

lysing an S. cremoris host from Florida or Wisconsin as one from

Australia (15% and 8. 5% plus reactions respectively, vs. 18% for the

Australian hosts; Table 2). The uniqueness of this broad host range

is made more apparent when one considers comparable calculations

based on the Wisconsin phage. More than 16% positive responses

were recorded for the Wisconsin hosts by the Wisconsin phages,

This compares with only 4% on the S. cremoris strains from Austra-

lia. In addition, only five out of 19 Australian S. cremoris strains

were lysed compared to 16 of 18 Wisconsin S. cremoris strains.

Only four phages remained specific for their homologous host

when tested at high titer on the Wisconsin host cultures. When tested

on an additional 43 hosts, only two phages, w110 and w502, remained

specific for their homologous host. Eight of the 19 phages crossed

species boundary. One phage in particular, w503t, showed a high

degree of nonspecificity at high titer and was exceptional in its lysis
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of six strains of S. diacetilactis. The susceptible host strains

included6B-1, 8DN, 26-2, 31-2, 10007, and Q. Only one other

Wisconsin phage, w114, plagued on a S. diacetilactis host, an OSU

culture, Q.

In contrast to the results obtained with the high titer phage

lysates, the host range determinations of the Australian phages made

on the Australian host cultures at low titer generally showed lysis

only of the homologous host. The exceptions are phages eb7 and eb9,

which produced plaques on each others' homologous host in addition

to their own (Table 3). With the total of 86 hosts, species boundary

was maintained in the lytic patterns for 15 of the 20 Australian

phages tested at low titer, but only one phage, eb4, exhibited exclu-

sive specificity for its homologous host in low titer experiments.

The host range determination of the Wisconsin isolates, made

on the Wisconsin host cultures at low titer generally did not show the

same degree of phage-host specificity observed with the Australian

phages at low titer. When an additional 43 hosts were included in the

determination, more than half of the Wisconsin phages crossed species

boundary. This was due solely to the susceptibility of four S. lactis

cultures, C10, S. 1. C10, ML3 and ML8, which, together, permitted

lysis by 10 of the 19 Wisconsin S. cremoris phages. Interestingly,

phage w503t, which at high titer showed a high degree of non-

specificity, showed lysis only of the homologous host at low titer.
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Four phages of the Wisconsin series formed turbid plaques which are

generally associated with temperate phages. This characteristic

was maintained on the heterologous host in nearly every instance.

Since phages are probably not found in nature in titers as high

as 109 to 1011 particles per ml, the low titer host range data were

used to arrange the phages into categories with similar lytic patterns.

These results are shown in Table 4. Classification of phages in this

manner does not imply any similarities between group members other

than host range pattern under the conditions set forth in the experiment.

The efficiencies of plating (E. O. P. ) of 12 bacteriophages are

compiled in Table 5. The E. O. P. represents a ratio of the number

of plaques on a test strain to the number of plaques on the homolo-

gous host. There were four instances of a higher E. 0. P. on a

heterologous host strain than on the homologous host. This phenome-

non was observed with phage eb9 on EB7 host, phage c3 on 188 and

819, and phage c2(w) on 712. Traditionally, phages have been named

after the host strain on which they were first isolated. The results

described here indicate a well known defect in this type of nomen -.

clature.

Phages isolated from lactic streptococci in Australia were

found to be able to propagate on strains from Florida or Wisconsin,

U. S. A. , and Wisconsin phage isolates were able to propagate on

host strains from Oregon or Australia. Exchange of starter strains
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throughout different cheese factories is a relatively common practice.

Furthermore, many cheese plants name their starter cultures accord-

ing to their particular code of classification, so that starters used by

several plants, and bearing different codes, may have been derived

from a common source. In light of this, the overlapping observed in

the Australian and Wisconsin bacteriophage host ranges may not be

entirely unexpected. Even more significant may be the study on

plating efficiency reported by Lowrie and Pearce (20). The E. 0. P. 's

of bacteriophages of lactic streptococci were reportedly influenced

by the availability of calcium ions as well as by the plating medium.

Several investigators have attempted to establish an acceptable

phage typing system that would be a useful tool for phage classifica-

tion, and that would allow selection of lactic streptococcus strains

for blending mixed strain starter cultures with maximum phage

resistance. Nichols and Hoyle (22) did an extensive study of 450 host

strains and 78 phages isolated from dairy plants. They observed

that phage lysis patterns may be a criterion for differentiation of

some species of the lactic streptococci and suggested a collection of

the host cultures and phages should be maintained for use as reference

in typing phages. Henning et al. (14) developed a typing system in

which only one bacterial strain, the "group indicator strain, " would

be used to determine if a phage belonged in a particular group. The

data were computerized so that a sequence of mixed starter strains
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could be selected which would provide maximum protection against

phages with the widest host ranges. Both of these investigators

observed that species boundary appeared to be a major factor in

differentiation of phage groups. Our investigation showed half of the

phages studied did cross species boundary at high and low titers,

suggesting that this alone is not a reliable means of classification.

Previously, host range has been studied with the immediate goal

of obtaining maximum protection of starter cultures against phage

(2, 5, 14; 27, 29). With the information on host range available

from this study, numerous additional strains of lactic streptococci

resistant to :a diversity of bacteriophages, could be blended in mixed strain

starter cultures to provide maximum protection against phage attack.

Propagation of Phage on Heterologous Hosts. As a supplement

to the host range data themselves, an investigation was made into the

possible causes for the more promiscuous lysis found with the high

titer lysates.

Six phages were selected which produced plaques only on a

heterologous host at high titer. The experimental data are presented

in Table 6. We can see that only a small fraction of phage particles

initially produce plaques on the heterologous hosts (E. O. P. of 10-7 to

-10
10 ). However, after a single cycle of growth in the heterologous

host, the phage yields a plaque count on the hterologous host which

is 107 to 1010 times greater than the plaque count on the original

homologous host.
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Host range modification is a relatively common phenomenon

among virulent and temperature phages (see reviews 1, 19, 21).

Host induced modifications are characterized by restriction of phage

growth in one type of host cell and release of that restriction as a

result of one cycle of growth in that same host cell. Included in host

controlled modifications is an altered efficiency of plating. A loss of

restriction is apparent from the difference in E. 0. P. 's between

columns IV and V in Table 6. The difference in titer was manifested

following a single cycle of growth of the virus in the original hetero-

logous host.

Host controlled modification is one possibility in interpretation

of these data. Host range mutation is another. The experimental

procedure used (picking and repropagating a single plaque through a

single growth cycle in a heterologous host) cannot preclude one or the

other of these possibilities as the operative factor for the altered

E. 0. P. In either case, cheesemakers may be continually haunted

with the possibility of phage attack and its accompanying economic

and financial loss.



34

Table I. Origin of bacterial cultures and bacteriophages, a

Australia Florida
Cultures

Wisconsin OSU Collection
CulturesCultures Phages Cultures Phages

C2 c2 197 W100 b
C10 c10(1) 205 W102 S.1. var.

c10(2) 01 W1.03 hollandic US
ML3 m13 f2 d2 W110 w110 712
ML8 163 W111 will UN
HI hl 187 W114 w114 7962
DRC 1 drc 1 188 W115 w115 11454
DRC2 drc2 189 W401 w401c 11955
DRC3 drc3 190 w4O1t S. 1. C2
£B2 195 W406 w406 S. 1. C10
EB4 eb4 196 W407 w407c S.1.27
EB7 eb7 203 w407t 3D-1
EB9 eb9 211 W411 w411c 613-1

MLI mll 217 w411t 8DN
E8 e8 220 W412 w412 11D-3
HP hp 223 W501 w501 18/16
Cl cl 159 W502 w502 26-2
C3 c3 799 W503 w503c 31-2
C11 cll 819 w503t 31-8
C13 c13 865 W701 w701 10007
TR 990 W702 w702 C

R6 r6 00 W703 w703 Q

P2 107/6
178
222
852

aPhages c10(1) and c10(2) share the same homologous host, C10.
Phages r6 and p2 share the same homologous host, R6. Four of the
Wisconsin Streptococcus cultures (W401, W407, W411, and W503) are
hosts for two individual pha.ge types; one, a clear plaque-former,
designated "c" and one a turbid plaque-former, designated "t. "
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10Table 2. Comparison of phage-host ranges at high Oter (4,0 x 10 pfu/m1).

Host
Strains

Australian Phasr Strains Wisconsin Phage Strains

, 7' ; ;. ,7115',
3 3 3

C2
C10
ML3

ML8
HI

197
205
01

12d2

b

5.1. var. hollandicus
712
UN
7962
11454
11955

S.1. C2
1.1. C10
8.1. 27

DRC I
DRC2
DRC3

3D -i
6B-1
SAN
11D-3
18/16
26-2
31-2
31-8
10007
C

EB2

E114

EB7

EB9

MIA

E8

HP
Cl
C3
C11
C13
R6

TR

163

187
188
189
190

195

196
203
211
217
220
223
159
799
819
865

990

00

S. lactisa

- - - +

S. lactish

S. diacetilactis'

+ + +

+ - + +
+ +

- + + + + -
+

- + +

+ + +

S. diacetilactisc

S. cremoris'

+ +

+ +
- +

- +
+ + +

107/6 -
(Continued on next page)

+ + +

+ +
+ - - + + +

+ + +

+ + + + + + + +

+ + +

----------

------- --
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Table 2. (Continued)

Host
Strains

`-g

Australian Phage Strains Wisconsin Phage Strains

S. cremorisb (continued)

r: ra

111118.11`3.3`3P88

178

222
852

S. cremorisd

W110
+ +

W114 + + +

W115 - + + +
W100
W102
W103
W401 + ++ + +
W406 + + - + + - - - + -
W407
W411 + + + + + + +

W412
W501
W502 + + + + + + - - -

W503
W701 + +

W702 + + +

W703 + + + ++ +

A plus sign indicates lysis of a host; a minus sign indicates no lysis.

'Australian host cultures

bFlorida host cultures

cOregon State University host cultures

dWisconsin host cultures
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Table 3. Comparison of phage-host ranges at low titer (250-500 pfu/ml).

Host
Strains

Australian ?haste Strains Wisconsin Phatte Strains

9 44 41.e.21% -i v. %.
7" 4 ". 4.; ; ;

S. 'antis'

C2
C10 - + + + + + + + + + + +
ML3 - - + + - - --------- - - - - + +
ML8
HI

197
205
01

f2d2

b
5.1. var. hollandicus
712
UN
7962
11454
11955
S. L C2 + -
S. L C/O - +
5.1.27

DRC 1

DRC2
DRC3

3D-1
6B-1
8DN

11D-3
18/16
26-2
31-2
31-8
10007
C

EB2

E34
EB7

E39
ML1

ES

HP
CI
C3
C11
C13
R6
TR

S. lactisb

S. lactiL

S. diacetilactisa

S. diacetilactisc

S. cremoris'

+ +

(Continued on next page)
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Table 3. (Continued)

Host
Strains 6"

T, '8 7;

163
187
188

189
190
195
196
203
211
217
220
223
159
799 - -
819
865
990
00
107/6
178

222
852

Australian %age Strains Wisconsin Phage Strains

e%
S. cremorisb

S. cremorisa

9 93 3 3 3

W110
W111

W114
W115
W100
W102
W103
W401 + +

W406
W407 + +
W411 - + + + +

W412
_____ _

W501
W503
W701
W70
W703

A plus sign indicates lysis of a host; a minus sign indicates no lysis.

'Australian host cultures

bFlorida host cultures

°Oregon State University host cultures

dWisconsin host cultures
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Table 4. Categories of phage based on similarities in host range. a

I II III IV V VI VII
Lb D C L&D D&C L&C L&D&C

c10(1) drcl eb4 c2 drc2 mil cl 1

c10(2) drc3 eb7 m13 c13 r6

hi eb9 will
e8 w114

hp w401c

cl w406

c3 w4lic

P2 w411t

w110 w407c

w115 w407t

w501 w412

w502

w503c

w503t

w701

w702

w70 3

aCategories of phage based on low titer host range data.

b The host species were: S. lactis (L), S. diacetilactis (D), and
S. cremoris (C).
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Table 5. The efficiency of pl ating of bacteriophages assayed on their homologous and heterologous
hosts.

Host
Strains

PhaaeS trains

-4 m
.3) 07

.0
0)

C2 0 0 0 0 0 0 0 0 0 0 0 1.0

712 0 0 0 0 0 0 0 0 0 0 0 2.3

S.1, C2 0 0 0 0 0 0 0 0 0 0 0 0.9

10007 0 0 0 0 0 0 0 0 0 0 0 0.23

f
2

d
2

0 0.22 0 0 0 0 0 0 0 0 0.3 0

C10 0 0 0 0 0 0 0 0 0 0 1.0 0

DRC2 0 0 0 0 0 0 0 0 0 1, 0 0 0

220 0 0 0 0 0 0 0 0 0 0.2 0 0

EB7 0 0 0 0 0 0 0 1.2 1.0 0 0 0

EB9 0 0 0 0 0 0 0 1.0 0.8 0 0 0

MLi 0 0 0 0 0 0 1. 0 0 0 0 0 0

159 0 0 0 0 0 0 0.9 0 0 0 0 0

E8 0 0 0 0 0 1.0 0 0 0 0 0 0

190 0 0 0 0 0 1.0 0 0 0 0 0 0

799 0 0 0 0 0 1.0 0 0 0 0 0 0

HP 0 0 0 0 1.0 0 0 0 0 0 0 0

107/6 0 0 0 0 0.77 0 0 0 0 0 0 0

195 0 0 0 1.0 0.5 0 0 0 0 0 0 0

Cl 0 0 0 0.9 0 0 0 0 0 0 0 0

223 0 0 0 0.1 Q 0 0 0 0 0 0 0

852 0 0 0 0.1 0 0 0 0 0 0 0 0

C3 0 0 1.0 0 0 0 0 0 0 0 0 0

188 0 0 2,1 0 0 0 0 0 0 0 0 0

819 0 0 2.2 0 0 0 0 0 0 0 0 0

C11 0 1.0 0 0 0 0 0 0 0 0 0 0

C13 1.0 0 0 0 0 0 0 0 0 0 0 0

187 0.4 0 0 0 0 0 0 0 0 0 0 0

C 0.01 0 0 0 0 0 0 0 0 0 0 0



Table 6. Alteration of phage titer with propagation on heterologous host.

Phage
Original

Homologous
Host

Original
Heterologous

Host

Original
E. O. P.

Final
E. O. P. a

New
Homologous

Host

New
Heterologous

Host

drcl
drc 3
c10(1)

c10(2)

c2

hp

hp

DRC1

DRC3

C10

C10

C2

HP

HP

C10

C11

C11

C11

C10

HP(T)b

HP(C )b

1.2 x 10-7
4.3 x 10-1°
2.0 x 10-8
9.3 x 10-10
6.1 x 10-10

1.5 x 10-1°
2.2 x 10-1°

5.0 x 107

1.9 x 109

4.0 x 109
1.2 x 1010

3.0 x 101°
3.4 x 108

4.0 x 108

Clo

C11

C11

C11

C10

HP(T)

HP(C)

DRC1

DRC3

C10

C10

C2

HP

HP

aEfficiency of plating (no. plaques on original heterologous host/no. plaques on original homologous
host).

bOriginal transfer from same culture as HP, homologous host, but carried in different media, at
different temperatures, and stored under different conditions.
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STUDIES ON FINE STRUCTURE OF LACTIC
STREPTOCOCCUS BACTERIOPHAGES

Introduction

The earliest electron photomicrographs of the lactic

streptococcus phages were published by Parmelee et al. (11) in 1949;

they observed no clear differentiation among bacteriophages of nine

strains of S. lactis. The phage particles were reported to be sperm-

shaped with a head diameter of 700 X and a tail length of 1500 X .

Two years later, Williamson and. Bertaud (14) reported similar

findings with nine phages for S. cremoris and one for S. lactis. Only

one phage was distinctly different in size and shape; this phage, d4,

possessed a large spherical head, 700-800 X in diameter, and a long

(5600-6100 X) slender tail. Soon thereafter, Deane et al. described

an S. thermophilus bacteriophage (5). The heads observed were

fairly uniform in size, measuring 900-950 X in diameter. The tails

were variable in length, ranging from 2200-2750 X . Sandine et al,

(12) published an electron photomicrograph of a virus for S. diaceti-

lactis strain 18/16. They observed a morphology similar to the

lactic phages described by Parmelee et al. In 1963 Bradley reported

on the morphology of S. lactis phage m13, noting that it showed

extreme head dimorphism. Five years later, Henning et al. (6)

published a photomicrograph of an S. diacetilactis bacteriophage. Up
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to this time, little variety had been observed in shape and size of

bacteriophages infecting the lactic streptococci. However, in 1970,

Bauer, Dentan, and Sozzi (1) published their studies on different

streptococcus bacteriophage strains. Differences were observed in

particle sizes, tail lengths and widths, as well as the morphology of

the tail end plate. Groupings were made into morphological types

based on the host strain infected. Keogh (7) subsequently published

electron photomicrographs and descriptions of 14 bacteriophages for

Lactic streptococci. Thirteen pages were similar in general ultra-

structure, varying only in size of the component structures. One

bacteriophage, however, was described as having a contractile type

tail with spread fibers, characteristic of the Teven phages. More

recently, electron photomicrographs of a temperate phage for S.

lactis C2 were published by McKay and Baldwin (9). The presence of

a structure resembling a collar was described for the temperate

c2 phage. A temperate phage, rit, was described by Lowrie (8); it

was morphologically indistinguishable from many of the virulent

lactic streptococcus phages previously described.

From these cited reports, it is clear that there has been and

currently is considerable interest in the morphology of the lactic

streptococcus viruses. Nevertheless, a careful or complete study of

the relationship between the known groups of these phages has not

been made. The present investigation was undertaken to study this

relationship and this section presents results of the study.
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Materials and Methods

Bacteriophages. Nineteen bacteriophages were received from

Barbara Keogh, C. S. I. R. 0. , Melbourne, Australia. In addition, 11

bacteriophages, isolated from cheese whey samples, were received

from Hillside Cheese Factory, Chilton, Wisconsin.

Phage Preparation and Electron Microscopy Techniques. The

stocks used for preparation of the w401 and w407 phages were derived

from the first passage of an isolated plaque from the original whey,

through the host culture. Repeated passage and repropagation of

these phage lysates had revealed the presence of two phage types, a

clear plaque-former and a turbid plaque-former.

High titer stock lysates (10) were concentrated as follows.

Initially, a procedure was used, similar to that described by Keogh

(7). Double layer plates using lactic agar medium (10) were pre-

pared. A phage inoculum of 109 pfu was mixed with 0. 3 ml of a log

phase host culture. Three ml of semi-solid lactic agar (10) was added

and the top agar poured. Twenty plates prepared in this manner were

employed for each phage. Following overnight incubation at 30°C, the

phages were extracted with 0. 1 M ammonium acetate (3), centrifuged

at 6,000 x g for 10 minutes, washed in 0. 1 M ammonium acetate and

lactic broth (1:1) and then centrifuged again at 134,200 x g for 90

minutes. The final pellet was resuspended in 0. 1 M ammonium acetate.
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Cesium chloride density gradient centrifugation was used for

purification of some of the phages studied. High titer lysates were

prepared in lactic broth and concentrated as previously described (16).

Following ultracentrifugation at 134,200 x g for 90 minutes, 3 to 4 ml

of Tris-saline buffer (6), pH 7. 35, were added and the pellet was

allowed to resuspend overnight. The suspension was then centrifuged

at low speed (2, 000 x g for 7 minutes) to pellet debris. Owing to the

opacity of the supernatant, crystalline CsC12 was added at 0. 76 g per

g of sample and the final density adjusted to approximately 148 giml.

Four ml of the sample were added to a 5-ml nitrocellulose centrifuge

tube, layered with 0.3 ml of mineral oil and centrifuged at 54,500 x g

for 22-24 hours at 4°C in the SW 39 swinging bucket rotor of the

Beckman Model L-2 ultracentrifuge. A phage band was visible in the

gradient. The fraction containing most of the phages was dialyzed

overnight against five successive changes of 1:5 dilutions of CaC12 in

Tris-saline buffer, pH 7. 3. When dilution of the sample was

required, Tris-saline buffer was used.

One drop of the bacteriophage suspension was placed on a

Formvar-coated copper grid and negatively stained with 2% (w/v)

potassium phosphotungstate, pH 7. 0. Electron photomicrographs of

the stained phage preparations were taken with a Philips EM 200

microscope at a magnification of 41,200 or 105, 500.
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Phage Induction by Mitomycin C. Two parallel samples of

selected cultures were grown in lactic broth at 30o C to an OD
580

of

0. 1. Mitomycin C was added to a final concentration of 0. 75 µg /ml.

Incubation was continued at 30°C and the OD was followed up to 12

hours. The lysates were centrifuged at 6, 000 x g for 7 minutes to

remove host cells and cellular debris, then concentrated ['polyethylene

glycol -NaCI technique (10) ] and examined by electron microscopy

as previously described.

Results

Electron microscopy. Ten distinct morphological groups can be

distinguished on the basis of morphology. Figure 1 is a diagrammatic

representation of the phage ultrastructure found in each group. The

dimensions given represent an average of all the members of a

particular group. The exact dimensions of each phage are given in

Table 1.

Groups I, II, III, and IV all show a characteristic tail end plate

with four thin spicules. Bacteriophages from groups I and II possess

a collar, but they can be distinguished on the basis of head shape and

tail length. The shorter tail (880 X) is always associated' with prolate

polyhedral head geometry and a longer tail (1440 X) with octahedral

head geometry. This same relationship is found between groups III

and IV, which lack a collar. Octahedral head geometry occurred
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together with a longer tail while phages with prolate polyhedral head

geometry possessed a shorter tail. Three phages which have been

classed in group III are unique with respect to head size. These are

w406, w502, and mll, whose average head size is 560 X in diameter,

60 X greater than the average for the rest of the group. The smallest

phage in this group is w401c, which has the smallest head dimensions

and the shortest tail length.

A group I phage, c2, is presented in Figure 2. The polyhedral

head geometry and the very distinct collar are prominent features.

Figure 3 shows a group II phage, drc3. The octahedral head geome-

try, the collar, striations in the tail, and tail end plate are all clearly

visible, and indicated by arrows. Several group III phage are pre-

sented (Figures 4, 5 and 6). The octahedral head geometry and tail

end plate bearing four spicules are visible in each case. Phage hi,

shown in Figure 7, reveals the polyhedral head geometry, short tail,

and tail end plate bearing four spicules, characteristic of the group

IV phages.

Group V, represented by phage eb4, is very interesting because

of two unique features. The double collar (Figure 8) was a phenome-

non observed with every eb4 phage examined. The tail plate structure

is also unusual, possessing a single thin bar slightly above, but

unconnected to the terminal plate. Two short distal rods extend from

the ends of the tail plate and a shorter central rod extends from the

center.
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Group VI contains two phage which are similar in total phage

length and absence of a collar. The head geometry is different,

although the head dimensions do overlap (see Table 1). The slight

difference in tail plate morphology does not warrant separation of

these two phages into two groups. Therefore, they have been desig-

nated type a (eb7) and type b (eb9) of group VI.

Group VII consists of two phages. In contrast to the other

phages in this study, both of these phages are turbid plaque-formers.

Their ultrastructure is nearly identical, consisting of octahedral head

geometry, straight or flexus tail, and a tail end plate, from which

extends a single thin spicule. Phage w4Olt from this group is shown

in Figure 9.

Groups VIII and IX are not necessarily separate groups, but

have been so placed because the morphology of the tail end plates has

not been clearly determined. The lack of a collar distinguishes

group IX phages from the group X phage, drc2.

The last group contains two very large phages compared to those

already described. Efforts to isolate these two phages have proven

unsuccessful. They have been found only in lysates in which the host

was infected with approximately equal numbers of two phages; a clear

plaque-former (a group III phage) and a turbid plaque-former (a

group VII phage), specific for the host. Cesium chloride density

gradient centrifugation did not give complete separation of the three
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phage types. Plaguing of the phage band containing the w401x1 or

w407x1 species produced only the original clear plaque-former, as

evidenced by subsequent microscopy.

A w401x1 phage is shown in Figure 10. Although the individual

chosen has a tail length of 2000 X, the tail length of this phage is

variable, ranging from 2000 X to 5200 X. The tail is generally

flexible. The tail end plate appears to consist of a mop-like structure,

with multi-directional thin spicules extending from a central base.

The other large phage, w407x1, is shown in Figures 11 and 12.

It has a slightly larger head size, but the same flexible tail of

variable length. The tail end plate was not distinguished with cer-

tainty, but does appear to consist of a round-bottomed trapezoidal

unit from which two or more central fibrils extend.

Mitomycin C Induction of Phage. This experiment was initiated

with the hope of finding the w401x1 and w407x1 phages to be inducible

within their respective hosts. Mitomycin C was added to yield a final

concentration of 0.75 .tg /ml to logarithmic growing cultures of W401,

W407, and W503, which had reached an OD580
of 0. 1. The OD con-

tinued to increase for about 90 minutes, then decreased, but without

visible lysis. The third and fourth hours after addition of Mitomycin

C the OD increased again, followed by .a second decrease from 5 hours

through 6 hours after the addition of Mitomycin C. No change in OD

was observed from 9 through 12 hours. No visible lysis was observed.
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Electron microscopic examination of the concentrated lysates

revealed an occasional phage particle and phage fragments. The

group X phages were not observed.

Discussion

Ten different phage groups were distinguished on the basis of

morphology. Distinction was made on the basis of difference in

particle size, head geometry, presence or absence of a collar, and

the morphology of the tail end plate. Octahedral or prolate polyhedral

head geometry characterized all. of the phages examined. They all

showed non-contractile but often flexible tails with a tail end plate.

Accordingly, they fall into Bradley's group B classification, or

group IV, according to the more recent classification of Tikhonenko

(13).

Without exception, phages observed with a type I terminal tail

structure (classification of Tikhonenko; without a tail end plate) were

found in the same preparation with others bearing a type III terminal

tail structure (with tail end plate structure), although the separate

morphological units of this structure were not clearly identifiable in

every case. This has led us to believe, as Tikhonenko suggested,

that type I may arise as a result of the destruction of the type III

terminal tail structure.
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The quality of the early electron photomicrographs of Strepto-

coccus bacteriophages precludes comparison with those observed

herein. In 1970, Bauer, Dentan, and Sozzi (1) published electron

photomicrographs of 10 Streptococcus bacteriophages. They arbi-

trarily set up four groups based upon species of homologous host.

Consequently, the phages within a particular group did not necessarily

share common structural features.

None of the phages they examined would fit with ease into any of

the 10 groups suggested by this study. None of the phages they

examined possessed a collar. All had octahedral head geometry.

Five phages examined by these investigators possessed a rectangular

tail end plate, similar to our group VI, but head size and geometry

and tail length were not comparable.

An S. lactis 265 phage examined by this same group was very

similar to our group III in general ultrastructure. However, the head

size was 45% larger and the tail length was twice that of our group III

phages. The remaining four phages they examined were structurally

unlike any observed in the present study.

On the basis of the examples presented above and considering

the differences in particle sizes of the two phage collections, it

appears that the 32 phages described in this study are distinct from

those examined by Bauer et al.
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Keogh recently published electron photomicrographs of 14 lactic

streptococcus bacteriophages, but made no attempt to group them.

Seven phages used in her study were also used in this study. Compari-

son of her findings with those reported here is interesting. Qur data

agree substantially for five of the seven phages, with respect to shape

of head, head dimensions and tail dimensions. However, head size in

most cases is slightly larger, as determined by Keogh. Two phages

however, drc3 and cll, have been determined by us to be quite differ-

ent from the descriptions by Keogh. We found drc3 with octahedral

he ad geometry, 470X. in diameter, tail length, 1525 X., and possess-

ing a collar; while Keogh described this same phage with prolate

polyhedral head geometry and a tail length of 1020 X. No description

of tail end plate structure was made in her paper.

Phage cll descriptions reveal a major discrepancy in head size.

Our measurements showed little variation, averaging 465 X in dia

meter, while Keogh described the head diameter of this phage as

750 X. Perhaps the figure she reported is in error, though, since,

according to the scale given beneath the micrographs, the head

dimensions of cll are only 600 X or less. In addition, she did not

mention the presence of a collar, yet we observed a well-defined

collar for this phage.

Our methods of preparation and hers for drc3 were essentially

the same (ammonium acetate extraction), except for the speed of
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ultracentrifugation. Phage cll was prepared by cesium chloride

density gradient centrifugation for our study. These differences in

methodology could hardly account for the morphological differences

observed. The occurrence of two different phages bearing the same

names being employed in these two studies is possible. Although we

were graciously supplied with our phages and hosts from Keogh, there

may be several phages for a particular host strain, referred to by

the same name. These also exists the possibility of dimorphism,

which under particular laboratory conditions, manifests one or the

other characteristic. The last possibility might involve a phage

mutation which subsequently has come to dominance.

The bacteriophages employed in our study have revealed some

interesting structural features, some of which have not been pre-

viously documented for the lactic streptococcus phages. Three of our

phage groups have tail lengths of less than 1000 X. This was also

noted by Keogh for five phages hosting on C10, and for the C2 phage.

Three phage groups possess a collar and one group contains a

phage which has a double collar. The presence of a collar for a

lactic streptococcus phage was first reported by McKay and Baldwin

(9) for the temperate phage of S. lactis C2. Keogh published an

electron micrograph of the virulent c2 phage, showing its well-

defined collar. We have documented the presence of a collar for nine

lactic streptococcus phages, including c2.
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Electron microscopy revealed six types of tail end plate struc-

tures. Four structural types are reported here for the first time.

Two phages we examined, w401x1 and w407x1 did not form

plaques on lawns of the strains which gave rise to the lysate. An

extensive search for an indicator strain was not made. Mitornycin C

induction of the hosts was investigated, but neither phage was

revealed in the lysates.

These two bacteriophages are among the largest described for

any of the lactic streptococci. Williamson and Bertaud (14) reported

a lactic phage that had a head diameter of 700-800 X, and a straight

or slightly curved tail, 5600-6100 X in length. Bauer, Dentan, and

Sozzi (1) reported two S. lactis phages with respective head diameters

of 760 A and 750 X, and tail lengths of 3000 X and 2750 The tails

were slightly curved in both cases.

While the head dimensions of our w401x1 and w407x1 phages

are within the range of the three phages described above, the most

striking feature of these phages is the long, flexible tail of variable

length.

A comparison of host range groups (discussed in Chapter Three)

and morphology groups was made. Interestingly, when we examine

the structural features of phages within a particular lytic group, we

find no indication from similarities or differences in morphology to

suggest such a grouping. This pattern of discrepancies between the
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two methods of classification holds true with all of the other phages in

this study. There is no agreement between phage groups made on the

basis of host range and by means of morphology.

The host range of a bacteriophage is a phenotypic characteristic

and may be influenced or changed by environmental determinants,

temperature, growth medium, host restriction enzymes, or presence

of helper phage, etc. So, while it may be a useful tool in such prac-

tical areas as selecting starters for mixed strain cultures in cheese-

making, it may be unreliable to rely solely on host range as a method

of classification of these phages.

Phage ultrastructure may be subject to environmental influence

also, particularly in the techniques and procedures used for prepara-

tion. However, studies on DNA homology, recently completed, in

combination with the information on ultrastructure, presented here,

should provide a more complete background for classification on the

basis of true genetic similarities.



Table 1, Dimensions of lactic streptococcus bacteriophages (t).

Morphology
Group

Phage
No,

Determinations Shape
Head Collar Taila Tail End

Platec
DimensionsWidth Length Present Dimensions Width Lengthb

I c2 27 prolate poly-
heal al

360 ± 11 466 * 13 yes 210 x 28 7S 968 ± 30 170 x 110

drcl 9 prolate poly-
hedral

357 i 25 458 ± 40 yes 190 x 19 65 850 35 130 x 90

cl 10 prolate poly-
hedral

383 ± 5 469 1 12 yes 220 x 24 75 895 ± 70 100 x 75

II drc3 10 octahedral 472 ± 25 470 ± 20 yes 170 x 19 65 1525 ± 15 145 x 100
c3 12 octahedral 460 ± 18 434 # 9 yes 245 x 19 65 1300 ± 90 170 x 65
cli 13 octahedral 448 ± 16 479 ± 9 yes 150 x 30 6S 121S ± 32 13S x 65
c13 15 octahedral 489 ± 29 479 ± 29 yes 210 x 30 75 1320 ± 31 150 x 100

III e8 18 octahedral 450 i 6 488 i 21 no 65 1385 ± 30 135 x 75
hp 9 octahedral 423 ± 18 459 i 13 no 60 1265 ± 41 140 x 100
r6 15 octahedral 453 ± 21 429 i 30 no 55 1455 ± 70 170 x 95
p2 22 octahedral 475 ± 14 450 I 42 no 50 1465 ± 54 125 x 115
w401c 14 octahedral 417 ± 29 407 ± 31 no 50 1095 ± 60 190 x 8S
w503c 13 octahedral 490 ± 34 474 i 22 no 65 1175 i 56 150 x 65
w503t 24 octahedral 475 ± 35 480 # 22 no 50 1235-1600 150 x 95
w406 9 octahedral 560 ± 10 560 ± 12 no 75 1515 ± 55 150 x 90
w502 8 octahedral 530 ± 8 S50 # 11 no 65 1385 ± 25 190 x 75
mil 11 octahedral 560 ± 25 580 ± 20 no 75 1425 ± 26 160 x 95

IV c10(1) 25 prolate poly-
hedral

320 ± 21 493 # 23 no 50 920 i 16 110 x 85

m13 14 prolate poly-
hedral

360 ± 25 525 # 33 no 65 950 i 18 135 x 100

hl 20 prolate poly-
hedral

315 ± 8 468 ± 23 no 50 910 ± 45 160 x 110

(Continued on next page)



Table 1. (Continued)

Morphology
Group

Phage
No.

Determinations
Shape

Head Collar Taila Tail End
Platec

DimensionsWidth Length Present Dimensions Width Lengthb

V eb4 12 octahedral 485 * 13 510 ± 16 yes(2) 135 x 24@ 70 1675 i 34 360 x 218

VI a eb7 9 prolate poly-
hedral

430 * 30 530 * 25 no 65 1020 t 60 200 x 75

b eb9 10 octahedral 473 * 13 500 * 28 no 7S 1165 * 60 475 x 85

VII w4Olt 11 octahedral 500 ± 28 538 * 35 no 65 1410 * 45 145 x 70
w407t 9 octahedral 487 ± 45 498 t 35 no 65 1130 * 40 140 x 50

VIII w407c 10 octahedral 500 A 20 500 * 20 no 65 1160 * 60 -
d

w411c 7 octahedral 475 ± 30 450 ± 18 no 55 1040 * 35 -
d

w411t 9 octahedral 480 * 38 500 ± 26 no 50 1043 * 37 - d

w501 8 octahedral 475 ± 17 475 1 14 no 65 1000 ± 22 - d

drc2 13 octahedral 480 * 10 480 * 14 yes 160 x 19 SS 1080 * 50 - d

X a w401x1 7 octahedral 680 * 20 775 * 25 no 75 2000-5200 313 x 100
b w407x1 11 octahedral 825 * 25 850 * 75 no 55 3000-4600 180 x 85d

a
Non-contractile type

b
Including tail end plate

Type III, according to the classification of Tikhonenko (13)

d
Not clearly discernible
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Figure 1. Phage groups based on morphology.
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Figure 2. Electron photomicrograph of S. lactis c2 phage.
Note the polyhedral head geometry, the distinctive
collar, and the regular transverse striation of the
tail, Purification by ammonium acetate extraction.
Magnification x 443,000.
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Figure 3. Phage ghost, drc3, clearly showing octahedral head
geometry, collar, fine transverse striation, and
tail end plate bearing four thin spicules. Purification
by ammonium acetate extraction. Magnification
x 306,000.
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Figure 4. Phage hp. Note the octahedral head geometry and
four spicules on tail end plate. Purification by
CsC12 density gradient centrifugation.. Magnifica,tion
x 538,000.
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Figure 5. Phage r6. Purification by Cs Ci density gradient
centrifugation. Magnification x 253, 000.
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Figure 6. Phage p2. Octahedral head geometry and four spicules
of the tail end plate are visible. Purification by
CsCl2 density gradient centrifugation. Magnification
x 211, 000.
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Figure 7. Phage hl. Polyhedral head geometry is clearly visible.
Note the tail end plate and fine spicules. Purification
by CsC12 density gradient centrifugation. Magnification
x 221,550.
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Figure 8. Phage eb4. The double collar is visible. Note the
tail end plate. Purification by ammonium acetate
extraction. Magnification x 182, 000.
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Figure 9. Phage w4Olt showing single central spicule extending
from the tail end plate. Purification by CsC12 density
gradient centrifugation. Magnification x 284, 850.
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Figure 10. Phage w40 lxl. Note the mop-like tail plate structure.
Purification by CsClz density gradient centrifugation.
Magnification x 263,750.
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Figure 11. Phage w407x1. Purification by CsC12 density gradient
centrifugation. Magnification x 232, 000.

Figure 12. Phage w407x1 showing the long, flexible tail and
comparative head size. Purification by CsC12 density
gradient centrifugation. Magnification x 211, 000.
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NUCLEIC ACID STUDIES ON LACTIC STREPTOCOCCUS
BACTERIOPHAGES

Introduction

The discovery in 1960 (Marmur and Lane; Doty et al. ) that two

strands of DNA could be physically separated and specifically

reassociated has become extremely valuable for comparison of

related nucleic acids. It is now accepted as a basic tool in molecular

taxonomy. The reassociation of the two DNA strands to form

renatured DNA may be studied by a variety of methods. These

include changes in hypochromicity, buoyant density, biological

activity, or other parameters (25).

Schildkraut et al. (27) demonstrated that the two DNA strands

which are reunited are generally not the same strands which had been

together previously in a single DNA molecule. Instead they were

from different molecules which had a common sequence over most

of their length. Therefore, two equal amounts of DNA, in which one

sample contained a heavy isotope, could be mixed, heated to separate

the strands, and slowly cooled to allow specific recombination. This

was done by Schildkraut et al. (28) in a study of the base sequence

homology among the T series of bacteriophages. Analytical density

gradient centrifugation was subsequently employed. Three bands

were obtained corresponding to the three expected types of renatured
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DNA molecules. One band was composed of molecules containing two

light strands, one of molecules containing one light and one heavy

strand, and one of DNA molecules containing two heavy strands. Two

DNA samples, differing with respect to isotopic replacement and

with respect to source, were examined by this method. When the

sources of DNA became more widely divergent, the amount of the

hybrid band diminished. If no genetic relationship existed, no hybrid

hand was found.

From these kinds of experiments, Schildkraut et al. (28) con-

cluded that there is a high degree of homology between T4 DNA and

that of the other two Teven phages, but the homology is incomplete.

They suggested the possibility that the differences in glucose content

and linkages in the Teven phage DNAs may have had an effect on the

extent of homology observed. Equal amounts of labeled T7 and

unlabeled T3 DNA were heated and annealed. The results were

indicative of essentially complete .sequence homology. Heating and

annealing experiments with E. coli DNA and T3 and T7 DNA did not

show any detectable hybrid formation. Finally, no sequence homology

was detected by this method among the DNAs of the Todd and Teven

phages.

The results of this work have mainly qualitative significance.

Semi-quantitatively, the results indicate the extent of base homology,

but no attempt was made to analyze the areas under the curves since
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they could not accurately be translated into DNA concentration at

that time.

In 1964, a similar study was carried out to investigate homology

between DNAs of tumorigenic and non-tumorigenic human adenoviruses

(Lacy and Green). The methodology was different, however. The

DNA-agar technique of Bolton and McCarthy (5) was used to measure

the degree of genetic relatedness. The DNAs of tumorigenic adeno-

virus types indicated a high degree of genetic homology, hybridizing

with each other to the extent of 80%. The DNAs of the non-tumorigenic

virus types hybridized 35%. Finally, only 18 to 26% homology was

observed between tumorigenic and non-tumorigenic adenoviruses.

This was likely due to a similarity of nucleotide sequences in the

cistrons concerned with production of the group antigen and other

features shared by all adenoviruses.

The renaturation technique was used in this study for the

determination of genome size of 23 species of lactic streptococcus

bacteriophage and subsequent determination of similarities in DNA

polynucleotide sequence.

The application of the renaturation technique for DNA-DNA

hybridization studies has already proven to be very useful (1, 2, 4,

13, 17). The information available from this study may serve as a

taxonomic tool for classification of lactic streptococcus bacterio-

phages on the basis of true genetic similarities and may be taken as a

guide to probable evolutionary relationships.
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Materials and Methods

Bacteriophages. A total of 25 lactic streptococcus bacterio-

phages were examined for nucleic acid type. Fourteen of these phages

were received from Barbara Keogh, C. S. I. R. 0. , Melbourne,

Australia. Nine phages were isolated from cheese whey samples

received from Hillside Cheese Factory, Chilton, Wisconsin. Dr.

L. Brown, Department of Microbiology, 0. S. U. , provided phages T4

and lambda.

Media. High titer lysates of the lactic streptococcus phages

were prepared in two liters of lactic broth (26) and concentrated,

using the PEG -NaCI technique (26).

PYE broth (29) was used to grow E. coli B. The T4 lysates

were prepared by infecting the E. coli B host in stationary phase at a

multiplicity of infection of 0.01. PYE broth was also used for propaga-

tion of the temperature-sensitive lambda-carrying E. coli strain

CSH43, from which lambda phage were harvested. Two liters of the

culture, growing logarithmically at 25°C, were immersed in a 45o
C

water bath. Partial lysis occurred within one hour.

Determination of Buoyant Density and Phage Titers by Cesium

Chloride Density Gradient Centrifugation. Buoyant density was deter-

mined for 17 of the lactic streptococcus bacteriophages which were

prepared in a cesium chloride gradient for electron microscopy
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(Chapter Four). Crystalline cesium chloride was added by weight to

the phage suspension in Tris-saline buffer (O. 05 M NaCI, 0.01 M Tris,

and 0.001 M CaC12 at pH 7. 3) at 0. 76 g /g to achieve the initial

density of 1. 48 to 1.49 g /cc. Following 24 hr of centrifugation at

54, 500 x g, 4°C, 16-20 drop fractions were collected from each tube

and the buoyant density of the fraction containing most of the phage

band was determined by refractive index.

The same procedure was followed for preparation of bacterio-

phage mixes for density gradient centrifugation. Two or three phage

suspensions, each titering between 4.0 x 1012 and 8.0 x 1013 plaque-

forming units per milliliter (pfu/ml), were mixed in a 5-ml nitro-

cellulose centrifuge tube. Cesium chloride was added. Following

centrifugation for 24 hr at 4°C, separate phage bands were visible

with the naked eye in each case. Each fraction was then titered for

plaque-forming units on lactic agar plates by the double layer plate

method described previously (Chapter Three). Three unique hosts

could be used, each being susceptible to only one of the phages in the

gradient.

Extraction and Purification of Bacterial DNA. A modified

Marmur technique (22) was the basic procedure used for the isolation

of DNA from E. con WP2 used as a standard. The modification

included deproteinization with neutralized phenol. Washed cells were

lysed by addition of 2% sodium dodecyl sulfate (SDS) following 1/2 hr
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incubation with 100 µg /ml of lysozyme at 38°C. To obtain DNA from

the lactic streptococcus host, DRC3, the cells, suspended in saline

ethylenediamine tetraacetic acid (saline-EDTA), were subjected to

repeated freeze-thaw cycles in the presence of lysozyme and the

mixture was then held in a 50°C water bath for 20-30 minutes. Two

percent SDS was added and lysis occurred. An equal volume of

neutralized saline-EDTA phenol was added, and the mixture was

shaken to deproteinize. The DNA was purified as above. Following

final precipitation, the DNA was washed in ethanol, then dissolved in

0. 1 x SSC solution (0. 015 M NaC1 and 0. 0015 M Na citrate) at pH 7. 0.

The DNA was stored with several drops of chloroform at 4°C in a

tightly closed container.

Extraction and Purification of Bacteriophage DNA. High titer

bacteriophage lysates were prepared in lactic broth as previously

described (26). The concentrated phage suspension in lactic broth

was centrifuged for 90 minutes at 4°C and 134,200 x g in the fixed

angle 30 rotor. The supernatant was decanted and the pellets were

frozen at -19 °C until needed. The frozen, concentrated bacteriophage

pellets were thawed at room temperature. The pellet was scraped

from the side of the centrifuge tube and suspended in 3 ml saline-

EDTA. Five-tenths ml of 2% SDS was added. A clearing of the

solution and increase in viscosity was observed. Immediately, an

equal volume of saline-EDTA equilibrated phenol was added and the
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mixture was shaken intermittently for 30 minutes. Following centrif-

ugation and removal of the aqueous layer, the DNA solution was

treated twice with a chloroform:isoamyl alcohol mixture (24:1),

precipitated, and dissolved in 0. 1 x SSC. The solution was then

raised to 1.0 x SSC. Initially, several bacteriophage DNA prepara-

tions would not spool on the glass rod. In these cases, the alcohol-

DNA mixture was stored at - 19oC for at least 24 hr, then. centrifuged

at 7, 000 x g for 7 minutes. The alcohol was decanted and the pellet

was dissolved in a minimal volume of 0. 1 x SSC. The saline and

citrate concentrations were raised to approximate those of 1. 0 x SSC

or 10 x SSC (after final deproteinization). This procedure was

followed each time spooling did not occur. Spooling of the DNA

sample was eventually achieved for every preparation, except one,

the tr phage DNA. The DNA mixtures were then treated with

ribonuclease (100 µg /ml) for 4 hours at 37°C. Deproteinization with.

chloroform :isoamyl alcohol was continued until the protein at the

interface was negligible. After the last nucleic acid precipitation and

collection, the DNA was washed in ethanol and dissolved in 0. 1 x SSC

solution, pH 7.0. An isopropyl precipitation was not necessary.

Optical density (OD) readings were taken at 230 nm, 260 nm, 280 nm,

and 320 nm. The absorbancy ratios, 260/230 and 260/280, were

calculated. Purity was assured when the 260 /230 ratio was 2.0 to

2. 2 and the 260 /280 ratio was 1. 85 to 1. 95. The DNA was stored in

the manner described earlier.
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Thermal Denaturation Studies. A general description of the

procedure used to obtain the thermal, melting value of a DNA prepara-

tion was reported by De Ley and Schell (9). Henning (16) described the

equipment used and manual operations necessary to obtain the

absorbancy data.

The purified DNA preparations in 0. 1 x SSC were diluted to give

an absorbancy reading between 0. 300 and 0. 350 at 260 nm, Two and

one-half ml of the solution were placed in a glass stoppered Beckman

standard silica cuvette. Two and one-half ml of 0. 1 x SSC in

another cuvette served as the blank.

A Model DU spectrophotometer, part of a Gilford Model 2000

multiple absorbance recording system was employed in this study for

melting DNA. The DNA sample was placed in the chamber and

allowed to equilibrate at 25°C. The OD was recorded. The tempera-

tare was increased to 58 oC and held there for 10 minutes to allow the

sample to equilibrate at this temperature. Upon equilibration, the

temperature of the water bath was raised 0. 5 degree per minute.

The bath circulated heated ethylene glycol through the thermos pacers.

The temperature and absorbancy changes were automatically recorded

until a plateau in the absorbancy was reached. The data were

corrected for thermal expansion and the thermal melting curve was

generated by plotting the relative absorbancy (corrected absorbancy at

260 nm divided by the absorbancy at 25°C) versus the temperature.
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The temperature corresponding to half the increase in relative

absorbance is the thermal melting point (T ).
rn

The average guanine plus cytosine (% GC) content of a DNA

sample was reported by Marmur and Doty (24) to be related to the

thermal denaturation temperature. Various equations have been pro=

posed (8, 21, 24) relating %GC and Tm. Equations suggested by

Mandel et al. were used throughout this study. The equation is:

GC unknown = GCE. - T
coli + 0.0199 (Tm unknown m E, coli) (21).

The GC content of E. coli is as to be 51%.

Preparation of DNA Samples for Renaturation Experiments.

Approximately 1.0 OD was removed from the stock 0. 1 x SSC solu-

tion of DNA. This was added to a total volume of 5 or 6 ml of 0. 1 x

SSC. By addition of 10 x SSC, the saline and citrate concentrations

were increased to approximate those of 1.0 x SSC. The DNA was

sheared by passing the solution twice through a French pressure cell

at 15, 000 psi. The solution was placed in 1/4 inch dialysis tubing and

dialyzed overnight against 200-300 volumes of renaturation buffer

(1. 0 x SSC). The DNA was then filtered through a washed 0. 45 p.

Millipore filter. Sheared samples were not kept for longer than

2 days.

Renaturation of DNA Samples. For renaturations of DRC3 host

and E. coli WP2 DNA, the OD of the sheared DNA was measured and

70 p.g /ml of DNA was placed in a glass stoppered cuvette, topped with

5 drops of mineral oil and sealed.
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Bacteriophage DNA renaturations proceeded with 11 to 12. 5

µg /ml sheared DNA in 1. 0 x SSC. The absorbance at 260 and 320 rim,

at 25 °C was recorded. The Gilford thermostated automatic recording

spectrophotometer was used to heat denature the DNA. The tem-

perature was first rapidly increased to T -25 oC. After temperature

equilibration (about 25 min), the temperature of the water bath was

increased to 10 °C above the T in 1.0 x SSC, to denature the DNA.m

When a plateau was reached in the absorbancy, the temperature was

rapidly returned to Tm-25°C. This was done by pumping out most of

the hot ethylene glycol and adding about 1200 ml of 50% ethylene

glycol at -22°C. Equilibrium was reached in about 10 or 12 minutes.

DNA from bacteriophages drc3 or drc2 were used as controls in the

renaturations of phage DNA samples, or DNA mixtures, to assess the

reproducibility of the renaturation technique.

Renaturation data were plotted as log Cot vs. % reassociation

(7).

The DNA concentration in moles per liter is based on a sodium

nucleotide mean residue weight of 331 daltons (12).

Genome sizes were derived from an equation (30) relating the

proportionality relationship of a genome of known molecular weight

with a genome of unknown size. It was shown by Seidler and Mandel

(30) that this relationship is dependent upon the GC content of the

renaturing DNA. Our known molecular weight standard was
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E. coli WP2, with a genome size of 2.2 x 109 daltons (11). Phage

lambda was used as a second molecular weight standard since its

DNA is closer in size to that of the lactic phages. After correcting

the Cot.
5

value for the effect of GC content, a DNA molecular weight

of 32 x 106 daltons was obtained for the lambda phage standard, This

value is in excellent agreement with that reported in the literature

(14).

Results

Cesium Chloride Buoyant Density Determinations. Table 1

presents the buoyant densities determined for 17 phages. The data

for 10 phages were derived from single buoyant density determina-

tions. However, the precision of our technique, as observed for

phages whose density was determined in duplicate or triplicate, should

substantiate the validity of our single determinations. The buoyant

density of these phages covers a wide range, from 1.428 to 1. 531

gicc.

To improve the efficiency of buoyant density determinations,

several phages can be mixed in the same gradient and titered on

hosts which are susceptible to a single phage. The titer of three

phages, mixed, in a cesium chloride density gradient, is shown in

Figure 1. A phage band was visible in the centrifuge tube at three

different positions. Two of the phage bands were separated by two
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fractions and the third was separated by a single fraction (20 drops).

The three phages employed in this experiment, w401c, w503c, and

w114, had been previously banded and the buoyant density determined.

The buoyant density of each phage band in the mixture was also

determined. The results showed excellent agreement with the earlier

determinations. The positions of the three phage bands are depicted

in Figure 1 by the three columns.

In order to more accurately locate the phage in the density

gradient, each fraction was titered for pfu on the three host strains,

W401, W503, and W114. The results of the titrations are graphi-

cally illustrated in Figure 1. In each case, the highest titer is

observed at the position of the visible band.

Thermal denaturations. All 26 phages were determined to be

double stranded on the basis of the DNA melting profile (Table 2).

Figure 2 illustrates the melting profile for two phages and E. coil

WP2 DNA.

The GC content of these bacteriophages ranges from 32, 7 to

40%. It can be readily seen from Table 2 that the T of S. diaceti-m

lactis host DRC3 and its homologous phage, drc3 differs by only 0. 1°,

thus making the GC composition of these two organisms identical.

The phages in Table 2 have been ordered according to a morphological

grouping (Chapter Four).
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The GC composition of an organism can also be determined from

the buoyant density of the DNA (20). Four phage DNA samples,

chosen at random, were sent to Dr. M. Mandel, University of Texas,

M. D. Anderson Hospital and Tumor Institute at Houston, Texas.

The DNA samples were subjected to density gradient centrifugation

and the %GC determined. The results are evident from Table 3. The

GC base composition determined by these two procedures agrees very

closely.

Renaturation of DNA. Renaturation kinetics of heat denatured

bacterial and phage DNA were followed. Figure 3 demonstrates

typical optical renaturation curves for two phages, drc2 and drc3, a

S. diacetilactis host, DRC3, and the E. coli standard. As suggested

by Britton and Kohne (7), renaturation data are plotted as log Cot vs.

% reassociation. The Cot.
5

corresponds to the time at which a given

concentration of DNA attains 50% renaturation. The 60-fold difference

in the C
o

t
. 5

of the S. diacetilactis host and phage DNA is apparent.

The Cot.
5

of E. coli is 5. 1 in the standard 1.0 x SSC buffer. This

value is in agreement with published values obtained in this bufer (30).

The Cot.
5

for 23 bacteriophage DNA samples is compiled in

Table 4. The Cot.
5

is useful in determining genome size since a

proportional relationship exists between the Cot.
5

of a standard of

known genome size and the Cot.
5

of the unknown (7). Table 5 shows

the phage Cot.
5

and corrected genome size as determined from the
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equation of Seidler and Mandel (30), Genome sizes of the lactic

phages range from 6 to 24 x 106 daltons.

Two bacteriophages with DNA of known molecular weight as

well as E, coli were used as standards to confirm molecular weight

values reported here for the lactic streptococcal bacteriophages.

As seen in Table 5, there is good agreement between the estimates

of genome size and the analytical estimates which have been reported

in the literature for these standards (14). This agreement was

obtained only after applying a correction for the effect of DNA base

composition on reassociation kinetics (30).

Renaturation of DNA Mixtures. Renaturation of DNA mixtures

was studied as a means of assessing nucleotide divergence among the

phages. In cases where there is no DNA homology, one would expect

the observed Cot.
5

of a mixture to be the sum of the Cot.
5

values of

the individual renaturations. Lack of additivity would be observed in

mixtures in which there is some similarity in polynucleotide sequence

of the reassociating DNA molecules. The Cot.
5

observed for a

mixture may be quantitatively related to the percent homology of the

two species (30).

The results from 41 renaturing DNA mixes are presented in

Table 6. The phages were divided into five groups based on simi-

larity in genome size. DNA homology between the phages ranged

from zero to 100% within each group. There was no evidence of



99

genome similarity between phages of different genome size groups.

Figure 4 illustrates the renaturation kinetics of two phage

species having identical Cot. values. The third curve shows the

kinetics of reassociation of a 1:1 mixture of these two phages. Lack

of additivity is observed, revealing 100% homology between phages

drc2 and w503t.

Figure 5 shows the renaturation curves for two bacteriophage

species which show no homology. This is evident from the additivity

observed in the renaturation kinetics of the DNA mixture.

Figures 6, 7, and 8 illustrate graphically the relationship

between genome size, GC base composition and morphology grouping

of the homology pairs. The solid lines between two phages indicates

some degree of homology exists between those two phages, termed an

homology pair. Phages which are similar in morphology are repre -.

sented by identical symbols (open circles, closed circles, etc. ) while

phages which are morphologically dissimilar are indicated by differ-

ent symbols. For convenience and clarity, the large group of phages,

within the 16. 5 to 17. 5 x 106 daltons genome size range, are repre-

sented only by homology pairs showing 60-1 00% homology (Figure 7).

Figure 9 is a visual representation of the amount of gene simi-

larity observed between various phage DNA preparations. Using

eight reference DNA's, the amount of polynucleotide similarity is

depicted graphically for each phage DNA used in a renaturation
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mixture with the reference DNA. The length of the bar which sym-

bolizes the reference DNA represents 100% of the genome of the

reference DNA. Other phage DNA samples which were employed in

renaturation mixes with the reference DNA are represented by bars

of varying lengths. The length of the segment given corresponds to

the percent homology observed with the reference DNA. A zero

indicates no homology was observed. In some instances, two phage

DNA samples which each showed some degree of homology with the

reference DNA showed no homology with each other. This is indi-

cated in Figure 9 by positioning the bars (genome segments showing

homology with the reference DNA) at different points with respect to

the reference DNA.

Discussion

The 17 phages for which buoyant density was determined were

subsequently used for the electron microscopy study (Chapter Four),

The buoyant density covers a broad range, from 1. 428 to 1. 531 gicc.

Phage w40 lxl, whose characteristics were discussed in detail in

Chapter Four, is listed in Table 1 as having the highest density.

However, this figure may be in error since the single phage band

contained two morphological species of phage; the large w401x1 phage

and the smaller, clear plaque-former, w401c, as well as a large

proportion of empty heads. Since the position of heterogeneous
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material in the gradient is dependent on shape and molecular weight

of the individuals, the true density for phage w40 1x1 may not be

identical with the value reported here, which is the effective density of

the mixture.

Some difficulties were encountered during the DNA extraction

procedures, with regard to several phages. These were the four

phages of the c series: cl, c3, cll, and c13, and eb7, eb9, m13,

w411c, and tr. The DNAs of these phages did not spool every time,

following a deproteinization. An alternative procedure was followed

(see Materials and Methods, this chapter) when this occurred. How-

ever, when deproteinization was completed, all of the above phage

DNAs spooled except one, tr. The DNA samples were routinely

concentrated to 2 to 4 mg/ml. The final concentration of the tr phage

DNA preparation was 45 mg/ml. The extinction ratios for the purified

tr phage DNA were excellent: 260/230 was 2. 2 and 260/280 was 1. 9L

Thermal denaturation showed a very slight increase in absorbancy,

< 5%. Alkaline denaturation, using a final concentration of 0. 1 N

NaOH, showed no change in absorbancy. The tr phage was subjected

to cesium chloride buoyant density centrifugation, but the phage proved

too fragile and electron microscopy revealed only disrupted phage and

broken heads. Bauer, Dentan, and Sozzi (3) published an electron

micrograph of tr phage in 1970. It clearly shows the non-contractile

tail with tail end plate commonly associated with the double stranded
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DNA phages (6, 31), It is possible that host en.donuclea.ses sheared

the tr phage DNA into fragments too small to be spooled or to show a

substantial increase in absorbancy with thermal denaturation. Or,

since the other phages which had difficulty spooling were of very

small genome size (5. 9 to 10. 8 million daltons), tr may have a

genome size even smaller than 5. 9 million daltons. Either explana-

tion is credible in the light of the data.

Generally, 5 to 10 mg of phage DNA was recoverable from

2 liters of phage lysate. With the exception of tr and w503c, all of

the phage DNAs studied showed a hyperchromic shift of 32 to 36% on

thermal denaturation. Phage w503c showed an increase of almost

42%.

The % G+C of the phages ranges from 32. 7 to 40%. The phages

are arranged according to morphological classification in Table 2.

Group III, which contains the most members, also shows the great

variation in %GC of the individuals. As stated previously, the %GC

of samples determined by cesium chloride density gradient centrifuga-

tion showed values identical with those determined from thermal

denaturation.

The GC values for some of the Streptococcus hosts were

reported earlier by Henning (15) and Knittel (18). A comparison of

the GC values reported for the hosts with the GC values obtained for

the homologous phages in this study revealed nearly identical values in
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every case. To alleviate any suspicion that the purified phage DNA

was actually host cell DNA, differential renaturation kinetics of heat

denatured host and phage DNA were followed. Figure 3 allows

immediate visual comparison of the renaturation kinetics of two phage

species, DRC3 host and the E. coli standard.

Genome sizes, as determined from DNA renaturation kinetics,

range from 6 to 24 million daltons. Phages within a particular

morphological group may show a wide variation in genome size.

Figures 6, 7, and 8 illustrate what happens when percent

homology is correlated with genome size, GC base composition and

morphology. Only those DNA mixes showing any degree of homology

were presented in the figures.

There is a complex relationship between morphology groups

and homology groups. For example, phages drel and drc3 differ in

head geometry and tail length, and show 90% DNA homology. Phages

eb7 and eb9 differ very slightly with respect to tail plate structure

and head geometry. They show 10% homology with each other and

with each of the drc phages. So, this group of four highly related

phages includes three morphological groups, covers a GC range

from 35. 1 to 37, 2% and has a genome size of 10. 8 to 12.0 x 106

daltons (Figure 6).

The extended drcl DNA molecule is about one-tenth the size of

the T, phage DNA. Assuming that the average gene is about 1000 base
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pairs long, the drcl phage DNA could accommodate 35 such genes,

each coding for a protein containing some 300-350 amino acids.

The structural differences observed between drcl and drc3

phages (head geometry and tail length) may be accounted for by only

two genes difference on the length of the chromosome. The 90%

homology observed would be compatible with this possibility.

One hundred percent homology was observed between eb7 and

drcl, and eb9 and drcl. The difference in the lengths of the drcl

chromosome and the eb7 and eb9 chromosomes is not significant

within experimental error. Assuming, then, that the chromosomes

are of the same length, the structural differences observed could be

accounted for by a single base pair difference in the genes coding for

the collar, head geometry, or tail end plate of the phages.

In Figure 7, which shows phages of the middle genome size

range, there are two morphology groups represented. The genome

size of this group of phages is 16. 5 to 17. 5 x 106 daltons and the GC

composition ranges from 34 to 38% G+C. Phages w4Olt and w407t

are 100% related and have identical physical characteristics. But

w407t also shows a high degree of homology (82 and 60% respec-

tively) to two phages in another morphological group, w407c and w406.

The next diagram, Figure 8, shows four phages, three of which

belong to the same morphology group. Their genome size ranges

from 19 to 22 million daltons, and %GC from 32. 7 to 35. 4 %.
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As seen in Figures 6-8, the DNA homology pairs comprise

three distinct and separate groups. Extension of the points to the

abscissa reveals that each group covers a comparatively narrow

range of the entire spectrum of genome size range. If arrangement

was made on the basis of genome size, the phages would be grouped

as shown in Table 6. Phage c11, having the smallest genome size,

and c2, which has the largest genome size, have been designated as

two additional groups. Phages within a particular genome size group

do not necessarily show any degree of homology (see Table 6). How-

ever, in the study presented here, there is no instance of phage

relatedness between phages in different genome size groups.

The relative degree of evolutionary divergence among the lactic

streptococcus bacteriophage was measured by comparing their nucleic

acids. Similar base compositions have been used previously, par-

ticularly with bacterial species, to predict phylogenetic relatedness,

but the predictions may be false, as is the case with these phages.

Although DNA base composition may be useful as a first approxima-

tion of relatedness, it cannot be used as a quantitative measure of

divergence. However, the nucleic acid homology measurements,

since they are a gross reflection of nucleotide changes that have

occurred since the phage species diverged, do provide a quantitative

measure of evolutionary divergence.
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Figure 9 is a diagrammatic representation of the percent of

nucleotide similarities found in the homology studies. Eight different

phage morphology groups are represented in Figure 9. Group A con-

sists of four phages, highly related, belonging to three distinct

morphology groups. Group C contains four highly related phages, of

which three belong to the same morphology group. The fourth phage,

drc2, differs from the others only with the presence of a collar.

The middle group in this same figure is comprised of five morpho-

logical types. Within a unique morphology group, DNA homology can

range from zero (w406 and p2) to 100% (w4Olt and w407t). One fact is

clear; the general ultrastructure of these phages does not pertain

predictably to the degree of genetic relatedness. Those genes coding

for the structural proteins may not be included in the segments of

polynucleotide similarity between the genomes of phages having differ-

ent morphological classifications. Alternatively, single base pair

differences may result in varying morphological characteristics,

e. g. , phages eb7 and eb9 may be collarless due to a deletion, sub-

stitution, or mutation of a base pair in a gene coding for a collar.

This single base pair difference would not be detectable in a renatura-

tion of this DNA with DNA from a collared phage (e. g. , drcl and

drc3) having a similar polynucleotide sequence on the rest of the

chromosome. The DNA homologies as shown in Figure 9 revealed a

broad spectrum of relatedness. Some phages were closely related,
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some were slightly related, and some were unrelated to the eight

reference phages used. An evaluation of the DNA-DNA homology

results follows.

The percent homology observed or lack of homology between

these phages is directly related to gene conservation in the evolution

of differing phage types. In Group A, the entire reference chromo-

some, drcl, is conserved in eb7 and eb9 (indicated by 100% homology

between eb7, eb9, and drcl), while 90% is conserved in drc3. So,

these four phages are all very highly related.

In Group B, four phage DNAs, chosen as reference DNAs,

revealed the following relationship between the DNA polynucleotide

sequence of 12 lactic phages. Sixty percent of the w406 chromosome

is similar in DNA polynucleotide sequence to the w407t reference

chromosome. Phage w406 also showed significant homology (40 and

73% respectively) with w4Olt and w407c (see Table 6). Since w4Olt

and w407c exhibited 100% and 82% homology, respectively, with the

w407t reference DNA, it follows that the 60% of the conserved w407t

segment in w406 is similar to that in w4Olt and w407c. Thirty-two

percent of the w407t chromosome is conserved in the p2 chromo-

some. Since homology studies revealed that w406 and p2 phages

were entirely unrelated (zero percent homology), it is clear that the

60% conserved w407t chromosome segment in w406 is dissimilar to

the 32% conserved w407t segment in p2.
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Conservation of segments of the p2 chromosome was observed

when p2 DNA was used as the reference. Thirty percent of the p2

chromosome is conserved in w4Olt and 48% of the p2 segment is

conserved in eb4. However, as no homology was observed between'

eb4 and w401t, the p2 chromosome segments conserved in each of

these DNA s is entirely dissimilar.

A complete lack of homology was shown between c10(1) and

w406 in a renaturation mixture, so the c10(1) chromosome is differ-

ent from w406 in terms of nucleotide sequence. Twenty-six percent

of the hp chromosome is similar to c10(1). Since c10(1), w406, and

hp chromosomes are all the same size, we can conclude that w406

has no genes in common with hp.

The four phages of Group C reveal total gene conservation in

their evolution. Since e8 and drc2 showed 100% homology, and drc2

and w503t showed 100% homology, and w503t was 100% homologous

with w503c, we can conclude that the nucleic acids of these four

phages have 100% similarity in polynucleotide sequence.

There are several instances of Wisconsin isolates (indicated

by prefix w) showing some degree of homology with Australian iso-

lates. Phages w407c and c10(1) showed 19% homology. Phages

w4Olt and w407t showed 30% and 32% homology, respectively, with an

Australian phage, p2. Finally, phage w503t and drc2 exhibited 100%
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homology. So, it appears that phage relatedness is not coincident

with geographical distribution.

In Chapter Four it was stated that there was no observable

relationship between phage groupings made on the basis of host range

and groups based on morphology. In addition, it was found that the

host range groups do not correlate with phage groups based on genome

size or percent homology.

In summary, the lactic streptococcus bacteriophages were

studied using three criteria: host range pattern (Chapter Three),

phage morphology (Chapter Four) and nucleic acid studies (Chapter

Five). Previous studies of the lactic phages have done little to

correlate their genotypic and phenotypic properties. We did not find

an orderly interrelationship between host range, morphology, and

nucleic acid composition of these phages. However, the information

revealed in our studies in each of these three areas is invaluable to

the dairy industry in understanding the tremendous impact of these

phages through an understanding of their phenotypic and genotypic

diversity.
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Table 1. Phage buoyant density in cesium chloride.

Phage No.
Determinations

Buoyant
Density

eb7

hp

w114

drc2

w503c

c10(1)

drc3

r6

hl

w502

cl 1

w503t

w401c

w407c

p2

w4Olt

w401xla

1

1

3

3

3

1

1

1

1

1

3

1

2

2

1

2

1

1. 428

1. 450

1. 455

1. 459

1. 462

1.467

1. 474

1. 475

1. 477

1. 479

1.480

1. 486

1. 490
1. 492

1. 502
1. 500

1. 503

1.511
1.511

1.531;

+ 0. 002

+ O. 007

+ Q. 000

1.491b

aElectron microscopy shows this band to be a mixture of
two phage types, phage w401x1 and the clear plaque type,
w401c.

bBuoyant density of phage w401c.

Samples were centrifuged for 24 hr at 4°C in the SW 39
swinging bucket rotor at 54, 500 x g. Initial mean density
was 1. 48 to 1. 49 g /cc.
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Figure 1. Titer of three phages, mixed, in cesium chloride density
gradient. The samples were centrifuged at 54,500 x g
for 24 hr at 4 C. Fractions were titered for pfu on the
three host species and buoyant density of the phage bands
were determined by refractive index. Open circles,
phage w401c; closed circles, phage w114; open squares,
phage w503c. The columns bordered by dotted lines
represent the position of the phage bands in the gradient,
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Table 2. Determination of base composition of some lactic
streptococcus bacteriophages.

Morphology
Group

Phage
Average Tm

(0. 1 x SSC)
%G + Cc

I c2 68. 50 (4)a 40. 0 + 0. 1
drcl 67. 00 (6) 36, 9 + 0. 4
cl 66. 60 (4) 36. 3 + 0. 5
cr (W) 68.55 (2) 40.0

II drc3 67. 10 (6) 37. 2 + 0. 5
cl 1 66. 00 (3) 35.1 + 0. 4
c13 66. 00 (3) 35. 1 + 0. 2

III e8 66. 20 (3) 35. 4 I 0. 1
hp 67. 45 (3) 38.0 + O. 0
P2 66.40 (3) 35. 9 + 0, 2
w401c 65, 70 (3) 34. 5 ± O. 4
w503c 64. 80 (3) 32. 7 ± O. 0
w503t 65. 20 (3) 33. 5 ± 0. 3
w406 65. 60 (3) 34. 2 + 0. 2
w502 65. Q5 (3) 33. 2 + 0. 1
mll 67. 00 (2) 37. 0

IV c10(1) 67. 10 (3) 37.2 + 0. 2
V eb4 65. 50 (3) 34. 1 ± 0. 1
VI eb7 66. 00 (4) 35. 1 + 0. 3

eb9 66. 00 (4) 35. 1 ± O. 2
VII w4Olt 65. 65 (4) 34.4 + O. 2

w407t 65. 85 (3) 34. 8 + 0. 3
VIII w407c 66. 15 (3) 35. 4 + 0. 3

w411c 66. 00 (3) 35. 1 + O. 4
IX drc2 66. 00 (4) 35. 1 + 0. 1

w114b 65. 00 (3) 33. 1 + 0. 1

E. coli 74. 10 (20) 51. 1 + O. 2
DRC3 host 67. 00 (3) 37. 1 ± 0. 1

aNumber of determinations
bNot included in EM study, therefore no morphological grouping.
cThe %G+C was determined from the Tm by the formula:

GC unknown GCE. coli 0 0199 (Tm unknown Tm E, cold'

where the GC content of E. coli is assumed to be 51%.
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Figure 2. Thermal melting curves for two bacteriophages and
E. coli (0. 1 x SSC).

1. 4

62 64 66 68 70 72 74 76 78

Temperature (°C)

DNA melting curves showing phage drc2 (Tm = 66. 0), phage drc3
(Trn = 67. 1) and E. coli (Tm = 74. 1) in 0. 1 x SSC solvent.
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Table 3. Determination of base composition from buoyant
density and from thermal melting curves.

%GC Determined %GC Determined
Phage from Buoyant from Thermal

Density Melting Curve

drcl 37. 2

drc3 37. 2

c13 35. 2

c10(1) 37.2

36, 9

37. 2

35. 1

37. 2
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Figure 3. Optical renaturation of bacteriophage and bacterial DNA.

S. diacetilactis s E. coli
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0.01 0.1
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)

1.0 10.0

Renaturation curves showing Cot 5 (50% reassociation) as follows: phage drc3 is 0. 035; phage drc2 is
0.066; DRC3 host is 2. 45; and E. coli is 5.1.
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Table 4. Determination of genome sizes of some lactic streptococcus
bacteriophages.

Morphology
Group Phage Average Cot.

Average Genome Size

x 10 6 Daltons

I c2 O. 070 (2)a 24, 2
drcl 0. 037 (28) 12.0 + O. 4
ci 0. 039 (3) 12. 5 -7 0. 2

II drc3 0, 035 ( 1 3 ) 11. 4 + 0. 2
cl 1 0, 020 (3) 5. 9 + 0. 1

III e8 O. 071 (3) 22, 1 + 0. 5
hp 0. 054 (4) 17, 2 + 0. 3
p2 O. 057 (3) 17, 7 + 0. 0
w401c O. 065 (3) 19.0 + 0.2
w503c O. 077 (3) 21. 4 + 0. 1
w503t O. 066 (3) 18. 8 + 0. 4
w406 O. 057(3) 16. 5 + 0.2
w502 O. 039 (3) 11. 0 + O. 2
mll 0. 070 (2) 22, 6

IV c10(1) O. 052 (3) 17.0 + 0. 1

V eb4 0.058 (3) 17. 4 + O. 4

VI eb7 O. 036 (4) 10. 8 + 0. 1

eb9 O. 035 (4) 10. 8 + 0. 0

VII w4Olt O. 050 (3) 16.6 + 0. 3
w407t O. 054 (3) 17. 5 + O. 2

VIII w407c 0. 057 (3) 16, 7 + 0. 5
w411c 0. 033 (3) 9. 8 + 0. Z

IX drc?, 0, 066 (5) 20. 6± 0. 6

E. coli 5. 1 (3) 2200
DRC3 host 2. 45 (3) 793

aNumber of determinations
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Table 5. Genome size determined from renaturation kinetics and
corrected for GC base composition.

Source of
DNA

Genome Size x 106 Daltons
Observed
(kinetics) Corrected for GC Content Reported

E. coli 2200

184

33

(51)a 1 x 2200 = 2200

(34. 4) 0.7 x 184 = 129

(49) 0. 96 x 33= 32

2200 (11)

130 (11)

31-33 (14)

.
T4

X

aGC base composition (percent) is given in parentheses.

bLiterature reference



Table 6. Determination of percent homology between mixtures of bacteriophage DNA.

I II

0

0 0 - 0.10 0
a 0 a1t) CO

I cii 100

II w411c 100 0 0 0 0
eb7 100 100 100 100 0
eb9 0 100 100 100 0
w502 0 0 0
drc3 0 100 100 90

drcl 0 0 100 100 0 90 100 0
cl 100

III w406
w401t
w407c
c10(1)
hp
eb4
w407t
p2

IV w503t
w401c 0

drc2 0

w503c
e8

V c2

100 40 73 0 60 0

40 100 0 100 30 0 0
0 73 100 19 0 82 0 0

0 19 100 26
26 100 65

0 0 100 0 48
60 100 82 0 100 32
0 30 0 65 48 32 100

0

0

0

100 0 100 100
0 100 0

100 0 100 100 0
100 100

100 100

0 100

Groups are based on similarity in genome size.



Figure 4. Optical renaturation of two individual phage species and a mixture of the two phage DNAs.
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Open squares, drc2, Cot. 5 is 0.066; closed circles, w503t, Cot. is 0.066; open circles, mixture
(1:1) of drc2 and w503t, Cot. 5 is 0. 065.



Figure 5. Optical renaturation of two individual phage species and a mixture of the two phage DNAs.
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Figure 6. The pattern of DNA-DNA homology among the lactic streptococcus bacteriophages; relating
%GC, genome size, and morphology grouping.
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aPhages eb7 and eb9 have complete homology

Renaturation mixes showing any degree of homology between two bacteriophage DNA preparations of
genome size Group II, as defined in the text, are presented here. Two phage DNAs exhibiting homol-
ogy are termed an homology pair. Solid lines connecting two points signifies an homology pair. Each
symbol ( 0, , ) used to designate the bacteriophages represents a separate morphology
group.



Figure 7. The pattern of DNA-DNA homology among the lactic streptococcus bacteriophages; relating
%GC, genome size and morphology grouping.
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Renaturation mixes between two bacteriophage DNA preparations of genome size Group III (defined in
the text), which showed greater than 50% homology, are presented here. Two phage DNAs exhibiting
homology are termed an homology pair. Solid lines connecting two points signifies an homology pair.
Phages designated by the same symbol ( A or M ) are morphologically similar, while those repre-
sented by different symbols differ in morphology.



Figure 8. The pattern of DNA-DNA homology among the lactic streptococcus bacteriophages; relating
%GC, genome size, and morphology grouping.
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Renaturation mixes showing homology between two bacteriophage DNA preparations of genome size
Group IV(defined in the text) are presented here. Two phage DNAs exhibiting homology are termed an
homology pair. Solid lines connecting two points signifies an homology pair. Phages designated by
the same symbol (A or 0 ) are morphologically similar, while those represented by different
symbols differ in morphology.
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Figure 9. Comparison of genetic relatedness between lactic streptococcus bacteriophages, as deter-
mined by DNA-DNA homologies.

Reference DNA

I o e

O. 4 is X 0.0,0
t . I. Oft 400

0
0

1

(A)

drcl
drc3
eb7
eb9

(B)

c10(1)
eb4
hp

w406
w407c
w4OltSe H * fl g a nt

Reference DNA p2. * 4:4 Ot IXa a

E_.Reference DNA

Reference DNA

(B)

p2
w407t
w4Olt

w407c
w406

eb4

(C)

e8

drc2

drc2
w503t

w503t

w503c

Reference DNA

0

L--
Reference DNA

e e . ft. COO dee X 0.
Reference DNAP011.1. X 4#0.0 el 44*

R P e it 41, t a 40

A, B, and C refer to genome size groups II, III, and IV, respectively. The length of the bar of the
reference DNA in each case represents the total chromosome length. The genome of each phage DNA
employed in a renaturation mixture with the reference is represented by a bar given the same symbol

---, or ) as the reference with which it was renatured. The length of the bar representing the
phage genome is determined by the °A homology observed with the reference, A zero indicates no
homology between that phage DNA and the reference DNA. The positioning of some bars at different
points with respect to the reference DNA indicates the phage genome shows no homology with other
phage DNAs in the same reference group. The renaturations were performed in 1.0 x SSC at 5$oC.
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