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ABSTRACT

FEArY, THOMAS W. (Tulane University School
of Medicine, New Orleans, La.), EARL FISHER, JR.,
aND THELMA N. FisHER. Isolation and preliminary
characteristics of three bacteriophages associated
with a lysogenic strain of Pseudomonas aeruginosa.
J. Bacteriol. 87:196-208. 1964.—Three bacterio-
phages designated 7v, 7m, and 7s were isolated
from a lysogenic strain of Pseudomonas aeruginosa
designated Ps-7. The three viruses were found to
be completely unrelated on the basis of plaque
morphology, host range, serology, ultraviolet
induction, sensitivity to heat, and particle mor-
phology as revealed by electron microscopy. In
addition, it was shown that the three phages were
incapable of plaque formation on bacteria other
than various strains of P. aeruginosa. Of the three
phages, only phage 7v was capable of plaque
formation on strain Ps-7. The growth of phage 7v
on strain Ps-7 exhibited properties which suggest
that this virus arises as the result of mutation in
a temperate phage for which strain Ps-7 is lyso-
genic. Phages 7m and 7s are incapable of plaque
formation on strain Ps-7, but are adsorbed at
characteristic rates to cell suspensions of strain
Ps-7. The relationship between phage 7m and
strain Ps-7 was shown to meet the classical criteria
for lysogeny. Because phage 7s contains ribo-
nucleic acid as its nucleic acid component, it was
concluded that its production by strain Ps-7 and
the demonstration of immunity of strain Ps-7 to
infection by phage 7s were not sufficient evidence
to define the nature of the relationship between
phage 7s and P. aeruginosa strain Ps-7. It was
observed that under certain conditions the in-
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fectious titer of phage 7s preparations are mark-
edly reduced in the presence of ribonuclease.

——————————

One of the properties conferred on lysogenic
bacteria by the presence of prophage is immunity
to an infection by mature phage released into
the culture medium as a consequence of spon-
taneous lysis by a small fraction of the bacterial
population (Jacob and Wollman, 1959). McCloy
(1951) reported an apparent exception, since she
isolated a Bacillus phage, We, which could be
propagated on and cause the lysis of the lyso-
genic organism from which it was isolated.
Subsequent investigations regarding the relation-
ship between phage Wa and the lysogenic B.
cereus strain W (McCloy, 1958) showed that
bacterial strain W was lysogenic for a temperate
phage, WS, which, as a result of mutation, gives
rise to a variant, Wa, which can form plaques on
strain W itself and on other bacterial strains
lysogenic with phage Wp. Recently, it was re-
ported (Meynell 1962) that B. cereus strain W
produces at least five antigenically related bac-
teriophages of which only one, phage We, is able
to overcome the immunity conferred by the W3
prophage.

The present investigation was undertaken in an
attempt to characterize the relationship between
a bacteriophage designated 7v and the lysogenic
Pseudomonas aeruginosa strain Ps-7 from which
phage 7v was isolated. Like phage Wa, phage 7v
can be propagated on and will cause the lysis of
broth cultures of P. aeruginosa strain Ps-7;
however, unlike the B. cereus-phage Wa system,
attempts to isolate phages related to phage 7v
have not been successful. To date, two additional
bacteriophages, designated 7m and 7s, have been
isolated which are not related to each other or to
phage 7v. Recently, it was shown (Feary, Fisher,
and Fisher, 1963a) that phage 7s contains
ribonucleic acid (RNA) as its nucleic acid com-

196



Vou. 87, 1964

ponent. The host ranges of phages 7v and 7m on
95 strains of P. aeruginosa, and the failure to
detect nonlysogenic bacterial hosts for any of
the three viruses, have also been reported (Feary
et al., 1963b).

The present paper relates data concerning the
isolation of phages 7v, 7m, and 7s and some of
the properties by which these viruses can be
shown to be unrelated. Features of the multipli-
cation of phage 7v on P. aeruginosa strain Ps-7
are described, and evidence is presented which
suggests that all three viruses are permanently
associated with strain Ps-7.

MATERIALS AND METHODS

Media. A medium, designated NBYE, used for
the growth of various strains of P. aeruginosa,
consisted of nutrient broth (Difco) supplemented
with 0.59, yeast extract (BBL) and 0.59; NaCl.
For liquid cultures, 19, glucose was added to this
basal preparation, while plating medium con-
tained 1.5, agar (Difco) but no glucose. In
several experiments, the M-9, 19; glucose syn-
thetic medium of Watson (1950) was used.
Overnight growth of Pseudomonas species other
than P. aeruginosa was obtained in NBYE broth
supplemented with 0.08, NH4NO; ; Trypticase
Soy Broth (BBL) served as a medium when
overnight growth of bacteria belonging to genera
other than Pseudomonas was required.

Bacterial strains. The origin of P. aeruginosa
strains 1, Ps-7, and Ps-105, and their maintenance
as stock cultures have been reported (Feary et al.,
1963b). Strains of Pseudomonas species other than
P. aeruginosa were kindly sent to us by Pingui V.
Lui, Department of Microbiology, University of
Louisville School of Medicine. Bacterial strains of
the genera Escherichia, Salmonella, Shigella,
Proteus, and Klebstella, used for a survey of
bacteriophage host ranges, were obtained from
the stock culture collection, Department of
Microbiology, Tulane University Medical School.

Bacteriophages. 'The three bacteriophages
designated 7v, 7m, and 7s are all associated with
P. aeruginosa strain Ps-7. The procedure for
preparation of stock phage lysates by confluent
lysis techniques was presented earlier (Feary
et al., 1963b). Plaque-forming titers of all bacteri-
ophage samples were estimated by the soft-agar
layer method described by Adams (1950, 1959).

Preparation of phage antisera. Antisera against
phages 7v, 7m, and 7s were prepared in the
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following manner. Rabbits, in groups of three for
each phage, were injected intravenously with 0.5
ml of phage lysates ranging in titer from 5 X 10
to 2 X 102 plaque-forming units (PFU) per ml
at 2-day intervals for a total of nine injections
each. At 1 week after the last injection, all rab-
bits were bled from the ear vein, and the sera so
obtained were heated for 30 min at 56 C and
tested for the ability to neutralize homologous
phage. To examine for neutralizing activity,
antisera at various dilutions in NBYE broth were
prewarmed to 37 C; homologous phage was then
added to give a final concentration of 107 to 2 X
10" PFU per ml in NBYE broth controls without
antiserum. The phage-antiserum mixtures were
allowed to react for 15 min at 37 C; then duplicate
0.1-ml samples of suitable dilutions were plated
on the appropriate bacterial host to assay for
surviving plaque formers. If the test showed that
an antiserum dilution of 1:100 or better would
neutralize 909; of the plaque-forming ability of
the homologous phage in 15 min, 50 ml of blood
were taken from each rabbit by cardiac puncture.
The sera from each group of rabbits were pooled,
heated 30 min at 56 C, and then dispensed in
sterile screw-capped tubes and stored in the
frozen state. The K value of each pooled anti-
serum preparation was determined against its
homologous phage by methods described by
Adams (1959), and each was tested for its ability
to neutralize heterologous phage by the method
outlined above.

Phage sensttivity to heat at 60 C. To test the
heat sensitivity of phages 7v, Tm, and 7s, phage
suspensions at concentrations of 10° to 2 X 10°
PFU per ml were diluted 1:100 in NBYE broth
prewarmed to 60 C in a constant-temperature
water bath. At given intervals, samples were
diluted 1:10,000 in NBYE broth held at room
temperature. Duplicate 0.1-ml samples of this
final dilution were plated to assay surviving
plaque formers on the appropriate bacterial host.

Growth of phage 7v on bacterial strain Ps-7. The
growth of phage 7v on P. aerugitnosa Ps-7 was
followed with bacterial cells in the logarithmic
phase of growth. Logarithmic growth was in-
itiated by making 1:500 dilutions of overnight
NBYE broth cultures of strain Ps-7 in fresh
NBYE broth prewarmed to 37 C. Bacterial
growth was estimated by turbidity measure-
ments at 660 mu in a Coleman Universal spectro-
photometer; it was then compared with plate
count values of viable cell numbers obtained by
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plating duplicate 0.1-ml culture samples on
NBYE agar. All cultures were aerated, except
where indicated, before and after the addition
of phage. The growth of phage 7v was followed
by changes in the turbidity of infected cultures
and by assays for PFU. The latent period and
burst size of phage 7v were estimated by the
one-step growth technique of Ellis and Delbruck
(1939).

Phage adsorption to cell suspensions of bacterial
strain Ps-7. The adsorption rates of phages 7v,
7m, and 7s to cell suspensions of bacterial strain
Ps-7 were calculated from data obtained from
assaying adsorption mixtures for unadsorbed
phage. Procedures described by Adams (1959)
for the determination of the velocity constant,
K, were followed. For these experiments, bacteria
were grown to a concentration of 2 X 108 viable
cells per ml in NBYE broth at 37 C with aeration.
At zero time, phage was added to give a multi-
plicity of 0.05; aeration was continued through-
out each experiment. To assay for unadsorbed
phage, samples of the adsorption mixtures were
diluted 1:100 in NBYE broth and centrifuged

for 5 min at 6,000 X ¢. The supernatant fluids -

obtained were again diluted by a factor of 100,
and duplicate 0.1-ml samples of this final dilution
were plated on the appropriate bacterial host
for estimation of plaque formers.

The adsorption of phage 7v to cells of strain
Ps-7 was also estimated by assaying adsorption
mixtures for infected bacteria. To determine the
number of infected bacteria, samples of the
adsorption mixture were diluted 1:100 in anti-
phage 7v antiserum at a concentration sufficient
to inactivate 999 of the unadsorbed phage in 5
min at 37 C. Duplicate 0.1-ml samples of a 1:100
dilution of the adsorption-antiserum mixture
were plated for estimation of the number of
infected bacteria. All experimental manipulations
were completed by the end of 20 min after the
addition of phage to the bacterial suspension.

Bacteriophage host range determinations. The
methods used to test the ability of phages 7v,
7m, and 7s to form plaques on bacterial strains
other than P. aeruginosa were those previously
reported (Feary et al., 1963b) with the exception
that each non-Pseudomonas strain was tested
against suspensions of each phage at concentra-
tions of 108, 108, 104, and 102 PFU per ml. As con-
trols, each phage suspension was plated on P.
aeruginosa strains 1, Ps-7, and Ps-105.

Ultraviolet irradiation of bacterial strain Ps-7.
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Exponentially growing cultures of strain Ps-7 in
NBYE broth were transferred in 10-ml samples to
flat petri dishes and subjected to ultraviolet
irradiation from a 4-w General Electric ultra-
violet lamp placed 30 cm above the petri dish.
Irradiated cultures were diluted 1:5 in fresh
NBYE broth prewarmed to 37 C in aeration
tubes. Duplicate 0.1-ml samples of suitable
dilutions of the lysates obtained in this manner
were plated on P. aeruginosa strains 1, Ps-7, and
Ps-105 for the estimation of phages 7v, 7m, and
7s.

Effect of ribonuclease on phage 7s. Partially
purified preparations of phage 7s obtained by
treatment of crude 7s lysates with deoxyribo-
nuclease and ribonuclease, followed by differential
centrifugation, contain more ribonucleic acid
than can be accounted for on the basis of PFU
present in such preparations, considering the
small size of the virus (Feary et al., 1963a). To
test the hypothesis that estimates of infectious
titers might be low owing to clumping or packing
of virus in the presence of nonviral RNA, various
dilutions of a phage 7s preparation containing
5 X 108 PFU per ml were made in 0.005 M
phosphate buffer (pH 7.2) containing 20 ug of
ribonuclease (Sigma Chemical Co., St. Louis,
Mo.) per ml, and in phosphate buffer containing
20 ug of ribonuclease per ml with 0.005 M ethyl-
enediaminetetraacetic acid (EDTA). As a con-
trol, identical dilutions were made in phosphate
buffer alone. Samples were withdrawn from each
mixture before and after a 30-min incubation
interval at 37 C to assay for plaque formers.

Electron microscopy. To prepare for electron
microscopy, crude phage 7v and 7m lysates were
centrifuged for 30 min at 40,000 X g, and crude
phage 7s lysates were centrifuged for 120 min at
70,000 X g. The pellets obtained were covered
with 5 ml of 19, ammonium acetate and left at
4 C without agitation for 24 hr. The softened
pellets were then resuspended by gentle swirling
and clarified by centrifugation for 30 min at 6,000
X g¢. Dilutions of each phage suspension in
19 ammonium acetate were mixed with equal
volumes of 29, aqueous phosphotungstic acid
brought to pH 7.0 with potassium hydroxide
(Brenner and Horne, 1959). Drops of each phage
suspension were then transferred to Formvar-
covered electron microscope specimen grids by
the spreading technique described by Bradley
and Kay (1960). Specimens were examined in a
Siemens Elmiskop I electron microscope at in-
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strumental magnifications of 20,000, 40,000, and
80,000.

REesurts

Isolation of phages 7v, 7m, and 7s. Phage 7v was
originally isolated from clear plaques which
infrequently appear spontaneously in areas of
confluent growth when bacterial strain Ps-7 is
streaked on solid media. The features of the
growth of phage 7v on strain Ps-7 will be de-
scribed below; however, it is pertinent to state
here that phage 7v has not been isolated from
overnight NBYE cultures, nor has the frequency
of the spontaneous appearance of 7v plaques
been increased by incubating NBYE broth
cultures of strain Ps-7 at 37 C for as long as
10 days. In addition, spontaneous phage 7v
plaques have not been observed at any time over
an 18-month interval as a result of plating cells
of strain Ps-7 by the soft-agar layer method over
prepoured NBYE agar plates to obtain bacterial
lawns for phage plaque count assays. Phage 7m
was isolated from plaques which formed when
supernatant fluids from centrifuged, overnight
NBYE broth cultures of strain Ps-7 were mixed
and plated with cell suspensions of bacterial
strain Ps-105; similarly, phage 7s was isolated
from plaques which appeared when similarly
treated NBYE broth cultures of strain Ps-7 were
plated with cell suspensions of bacterial strain 1.
It was found that overnight NBYE broth cul-
tures of strain Ps-7, grown at 37 C with aeration,
contain phage 7m in concentrations ranging from
10¢ to 10 PFU per ml when plated on strain
Ps-105 and phage 7s in concentrations ranging
from less than 10 to 10®* PFU per ml when mixed
and plated with cell suspensions of strain 1.

The plaque titers of crude lysates of the three
bacteriophages on P. aeruginosa strains 1, Ps-7,
and Ps-105 are shown in Table 1. Within this
group of three bacterial strains, Ps-7 serves as a
specific host for phage 7v, while strain 1 serves as
a specific host for phage 7s. Phages 7v and 7m
can be distinguished from each other by plaque
morphology when mixtures of the two phages are
plated on strain Ps-105; lysates of phage 7m
prepared on strain Ps-105 contain no phage 7v
plaques.

The plaque morphology of phages 7v, 7m, and
7s, when plated on their respective bacterial
host, is depicted in Fig. 1. Phage 7v forms clear
plaques, 2 to 4 mm in diameter, surrounded by a
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TABLE 1. Plaque titer* of crude lysates of rhages 7v,
Tm, and 7s on three strains of
Pseudomonas aeruginosa

Strain
Phage
Ps-7 Ps-105 1
v 9 X 1010 7 X 10° 0
7m 0 1.5 X 102 0
7s 0 0 4.3 X 101

* Expressed as PFU per ml.

slightly turbid band with irregular edges when
plated on strain Ps-7. When plated on bacterial
strain Ps-105, phage 7m forms plaques with
turbid centers, 1 to 2 mm in diameter, surrounded
by a band of clear lysis; the whole is surrounded
by a halo. Clear plaque mutants of phage 7m
occur at a frequency of 1074 to 10~5. Phage 7s
forms plaques which are clear to slightly turbid
and range in size from 3 to 6 mm when plated
with its host, P. aeruginosa strain 1.

Serology. The pooled antiserum prepared
against phage 7v was found to have a K value of
48; when the same group of rabbits used to
obtain this antiserum were reimmunized 4 months
after their first series of inoculations, an anti-
phage 7v antiserum with a K value of 4,600 was
obtained. The pooled antiserum prepared against
phage 7m was found to have a K value of 80
after a single series of inoculations with phage
7m lysate. While the inactivation of phages 7v
and 7m by their respective antisera could be
described as an exponential decrease of plaque-
forming ability with time, the inactivation of
phage 7s by its antiserum appeared to occur at
different rates with respect to time. This observa-
tion is illustrated in Fig. 2, which shows the
inactivation of phage 7s at different antiphage
7s serum dilutions. The results of several experi-
ments suggest that this antiserum has a K value
of 350 during the earlier stage of the reaction
(0 to 5 min) and a K value of 200 during the
later stages of the reaction (5 to 20 min).

The results obtained when the three antisera,
each diluted 1:50 in NBYE broth, were reacted
against homologous and heterologous phages at
reaction mixture concentrations of 2 X 107 to
3 X 10" PFU per ml are presented in Table 2.
No serological relationships could be demon-
strated between any two of the three viruses as a
result of using antiserum dilutions lower than
1:50, or as a result of increasing the reaction
time from 15 to 30 min.
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¥iG. 1. Plague morphology of bacteriophages isolated from Pseudomonas aeruginosa strain Ps-7. (A)
Phage 7v plated on strain Ps-7. (B) Phage Tm plated on strain Ps-105. (') Phage 7s plated on strain 1.

Phage sensitivity to heat at 60 C. Dickinson
(1948) observed that a group of P. aeruginosa
bacteriophages under investigation in her lab-
oratory were resistant to inactivation for 30
min at 60 C, but were rapidly inactivated in 10
min at 65 C. An extension of this observation has
been the development of a routine method for the
isolation of P. aeruginosa bacteriophages which
involves heating supernatant fluids obtained
from centrifuged broth cultures of lysogenic
strains of P. aeruginosa at 58 to 60 C for as long
as 2 hr to kill residual bacterial cells (Gould and
MecLeod, 1960; Postic and Finland, 1961; Graber
et al., 1962). Because phages 7v, 7m, and 7s are
all associated with a single lysogenic strain of
P. aeruginosa, it was of interest to determine their
stability at 60 C. Figure 3 illustrates that these
three viruses vary greatly in their response to
heat at this temperature. While phage 7m appears
to be relatively stable, over 909, of the plaque-
forming ability of phage 7s was inactivated at
the end of the 60-min interval tested, and 999,
of phage 7v plaque formers were inactivated
within 20 min.

Ultraviolet irradiation. Xxposure of exponen-
tially growing NBYE broth cultures of strain
Ps-7 to ultraviolet light for a period of 2.5 min
resulted in lysis, which began 90 min after ultra-

violet exposure and was completed within 150
min. When appropriate dilutions of such lysates
were plated on bacterial host strains 1, Ps-7; and
Ps-105, only plaques formed by phage 7m on
strain Ps-105 were observed. In an additional
attempt to detect ultraviolet induction of phage
production, colonies of bacterial strain Ps-7 on
NBYE agar plates were exposed to ultraviolet
light and then overlaid with melted soft agar
containing cells of either strain 1 or strain Ps-
105. When these plates were examined after
overnight incubation at 37 C, only the plates
that had been seeded with cells of strain Ps-105
showed areas of lysis around the embedded Ps-7
colonies.

Electron microscopy. The most striking differ-
ences among phages 7v, 7m, and 7s were found to
be differences in particle morphology as exhibited
in an electron microscope. Typical electron micro-
graphs of cach bacteriophage are shown in Fig. 4.
It can be seen that phage 7v possesses a con-
tractile tail sheath and base plate; however, no
tail fibers have been observed in association
with this virus. The tail of phage 7m is often
curled and shows a barbed structure at the
terminal end. No tail structures have been
observed in association with phage 7s. The
dimensions of the three viruses, as determined



Vou. 87, 1964
10
ol \\\q
o
£
=
2> X
@ o
@
o
5 \
' °
8
S 0.0l |
o
w \
X
0001 1 | | 1
(o] 15 20

10
TIME (minutes)

FIG. 2. Antiphage 7s antiserum inactivation of
phage 7s. Symbols: O = antiserum diluted 1:2,500
® = antiserum diluted 1:1,000; X = antiserum
diluted 1:250.

from the instrumental magnifications of the elec-
tron microscope, are given in Table 3.

The examination of crude phage 7v lysates,
which had been prepared by the propagation of
phage 7v on P. aeruginosa strain Ps-7, by electron
microscopy revealed a heavy contamination with
phage 7m. In several preparations, an occasional
tailed phage particle was observed which did not
resemble either phage 7v or phage 7m with respect
to particle morphology; whether these particles
represent morphological mutants of either phage
7v or phage 7m, or whether they are completely
different and unrelated phages, is not known. At-
tempts to find hosts for phages other than phages
7v, 7m, and 7s among 95 different strains of P.
aeruginosa were unsuccessful (Feary et al., 1963b).
Phage 7s was not observed as a contaminant in
phage 7v lysates.

Phage host ranges. It was found that all three
phages were incapable of plaque formation on
bacteria other than various strains of P. aerugi-
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nosa. The bacteria tested for their susceptibility
to phages 7v, 7m, and 7s and the number of
strains of each genus and species tested were as

TABLE 2. Reaction of antiphage antisera against
homologous and heterologous phage for
15 min at 37 C

Average plaque count per 0.1
ml of antiserum-phage mixture

Antisera diluted 1:50 diluted 1:10,000 in NBYE broth

in NBYE broth
Phage 7v  Phage Tm Phage 7s
Antiphage 7v 0 328 261
(K = 4,600)
Antiphage 7m 396 0 248
(K = 80)
Antiphage 7s 352 336 0
(K = 200)
NBYE broth 370 340 252

(no antiserum)
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FIG. 3. Inactivation of phages 7v, Tm, and 7s at
60 C.
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F1G. 4. Electron micrographs of crude phage lysates negatively stained by phosphotungstic acid. The line
in each photograph represents a distance of 0.1 u. (A) Phage 7v. (B) Phage T m. (C) Phage 7s.
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follows: P. fluorescens, 10; Proteus vulgaris, 10;
Escherichia colt, 23; Shigella sonnet, 12; Salmo-
nella typhimurium, 9; S. typhosa, 14; and Klebsi-
ella pneumoniae, 4.

Growth of phage 7v on baclerial strain Ps-7.
When logarithmic cultures of strain Ps-7 in
NBYE broth were infected with phage 7v at mul-
tiplicities less than 1, lysis, as measured by
changes in turbidity, was seldom complete and
occurred very slowly. On the other hand, when
the multiplicity of infection was greater than 1,
lysis of infected cultures was always complete and
occurred within 4 to 6 hr after addition of phage.
The length of time required for the complete lysis
of multiply infected, aerated cultures varied to
some extent according to the initial bacterial con-
centration at the time of phage addition. This ob-
servation i1s summarized in Fig. 5 where samples
of a multiply infected culture were diluted in
fresh NBYE broth prewarmed to 37 C after a 15-
min interval to allow for phage adsorption. These
data also show that the turbidity of multiply in-
fected Ps-7 cultures increases up to 2 hr after the
addition of phage. Figure 6 illustrates the results
obtained when identical Ps-7 cultures, multiply
infected with phage 7v, were aerated for varying
lengths of time after phage had been added. As
might be expected, no lysis occurred in the ab-
sence of aeration; however, a degree of lysis, de-
pendent upon the length of time the infected
culture was aerated after the addition of phage,
could be initiated by an abrupt cessation of aera-
tion. The degree of lysis obtained in this manner
occurred within 10 min after aeration was discon-
tinued and reached a level which remained con-
stant for up to 2 hr. No further lysis occurred
when aeration was again resumed 15 to 30 min
after being discontinued.

The increase in phage 7v plaque formers, which
accompanied turbidity changes in multiply in-
fected cultures, is presented in Fig. 7. It can be
seen that phage multiplication began within 30
min after infection and continued at a constant
rate for approximately 120 min, or until lysis
began, as evidenced by a drop in turbidity. Under
these conditions, highly viscous 7v lysates were
obtained with plaque titers of approximately 5 X
10t PFU per ml in a synthetic medium such as
M-9, or as high as 5 X 102 PFU per ml in a com-
plete medium such as NBYE broth.

The results of a one-step growth experiment
with phage 7v propagated on strain Ps-7 are
shown in Fig. 9. Under conditions of single infec-
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TABLE 3. Dimensions of phages Tv, Tm, and 7s

Phage Head Tail
mu mu
v 55 X 65 20 X 90
7m 45 X 50 15 X 125
7s 25 X 25 —
1.0
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FI1G. 5. Effect of dilution on lysis of phage 7v-
infected Pseudomonas aeruginosa strain Ps-7. A
culture of strain Ps-7 tn NBY E broth at a concentra-
tion of 6§ X 168 viable cells per ml was infected with
phage 7v to give a multiplicity of 10. After 16 min
for adsorption the mizture was diluted into fresh
NBYE broth prewarmed to 37 C, and turbidity
measurements were obtatned until lysis was complete
in all tubes. Symbols: O = undiluted; ® = diluted
1:6; X = diluted 1:10.

tion, phage 7v was found to have a latent period
of 23 min and a burst size of 230.

Adsorption of phage 7v to strain Ps-7. The ad-
sorption of phage 7v to cells of strain Ps-7 sus-
pended in NBYE broth is depicted in Fig. 8. At
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FI1G. 6. Effect of aeration on lysis of cells multiply
infected with phage 7v. A culture of Pseudomonas
aeruginosa strain Ps-7 at a concentration of § X 108
viable cells per ml was infected with sufficient phage
7v to give a mulitplicity of 10. Samples of the mizture
were tmmediately transferred to separate aeration
tubes, and optical density measurements were ob-
tatned under varying conditions of aeration. Sym-
bols: ® = aeration discontinued 120 min after
addition of phage; X = aeration discontinued 60
min after addition of phage; o = aeration dis-
continued 30 min after addition of phage; O =
aeration discontinued immediately after addition of
phage.

the end of 4 min, less than 209, of the initial
phage added at zero time remained unadsorbed
when adsorption was estimated by assays for free
phage. At any time between 2 and 9 min after the
addition of phage, the sum of the phage fraction
measured as free phage and the fraction measured
as infected bacteria was approximately 609, of
the initial phage concentration added at zero
time. Subsequently, it was found that superna-
tant fluids obtained from centrifuged NBYE
broth cultures of strain Ps-7 do not contain mate-
rials which inhibit the plaque-forming ability of
phage 7v. Since the multiplicity of infection in all
the adsorption experiments was 0.05, it is unlikely
that a significant number of bacterial cells to
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which phage had adsorbed received more than 1
phage particle. Thus, it appears that a significant
number of Ps-7 cells to which a single phage 7v
particle has adsorbed are incapable of forming
infectious centers.

When the adsorption rate of phage 7v to cells
of strain Ps-7 in NBYE broth at 37 C with con-
stant aeration was measured by assaying adsorp-
tion mixtures at appropriate intervals for unad-
sorbed phage, it was found that the velocity
constant, K, had a value of 2.5 X 10~ ml/min.

Adsorption of phages 7m and 7s to strain Ps-7.
Phage 7m is incapable of forming plaques when
mixed and plated with cells of strain Ps-7; how-
ever, the frequency of spontaneous phage 7m
production by strain Ps-7 is such that viable Ps-7
cells mixed and plated with cells of strain Ps-105,
the host for phage 7m, form turbid plaques which
cannot be distinguished from plaques formed by
phage 7m. Consequently, phage 7m-strain Ps-7
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FIG. 7. Multiplication of phage 7v on strain Ps-7
at 37 C in M-9. A culture of Pseudomonas aerugi-
nosa strain Ps-7 was grown in M-9 medium with 19,
glucose to 6 X 10% viable cells per ml and infected
with phage 7v to give a multiplicity of 10. At ap-
propriate intervals, samples were withdrawn for
plague count assays and optical density changes
were noted until lysis was completed. Symbols: @ =
changes in optical density; O = changes in plaque
assays.
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FIG. 8. Adsorption of phage 7v to strain Ps-7.
The initial cell concentration was 2 X 16® viable
cells per ml, and phage 7v was added to give a mul-
tiplicity of 0.05. At appropriate intervals, samples of
the adsorption mizture were withdrawn and assayed
for either free phage or infected bacteria. Symbols:
® = free phage; O = infected bacteria.

adsorption mixtures were diluted by a factor of
100 to stop adsorption, and were centrifuged for
10 min at 8,000 X ¢ to sediment Ps-7 cells. Under
conditions identical to those described above for
phage 7v adsorption experiments, the adsorption
of phage 7m to cells of strain Ps-7 was found to
have a velocity constant of 1.8 X 10~° ml/min.

Like phage 7m, phage 7s is incapable of plaque
formation on bacterial strain Ps-7. Viable Ps-7
cells do not initiate plaque formation when they
are mixed and plated by the soft-agar layer
method with an excess of cells of the host strain
for phage 7s, P. aeruginosa strain 1. Thus, the ad-
sorption of phage 7s to strain Ps-7 was studied by
plating duplicate 0.1-ml samples of a 1:10,000
dilution of phage 7s-strain Ps-7 adsorption mix-
tures directly on strain 1 at appropriate intervals.
Under the same conditions described for studying
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the adsorption of phages 7m and 7v to strain
Ps-7, the adsorption of phage 7s to strain Ps-7
was found to have a velocity constant of 4.1 X
10~8 ml/min. When the ratio of phage 7s to cells
of strain Ps-7 was increased from 0.05 to 1.8, the
reduction of unadsorbed phage with time was
barely discernible; under these conditions, the ad-
sorption of phage 7s to strain Ps-7 was not influ-
enced by the inclusion of CaCl; to a final concen-
tration of 0.01 M in the adsorption mixture.

Effect of ribonuclease on phage 7s. The effect of
ribonuclease on the plaque titer of a partially
purified phage 7s preparation under differing con-
ditions of dilution and temperature is shown in
Table 4. It can be seen that 999, of the plaque
titer of such a preparation is lost when diluted
1:100 in phosphate buffer containing 20 ug of ribo-
nuclease per ml and incubated for 30 min at 37 C.
At the same dilution, a 30-min incubation at 25 C
resulted in a 909, reduction of plaque titer, while
a 1:9 dilution incubated at 37 C resulted in a loss
of only 13%. Independent of dilution, the pres-
ence of EDTA at a concentration of 0.005 M re-
duced the loss in plaque titer observed in the
presence of ribonuclease alone.
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FIG. 9. One-step growth curve at 37 C with phage
7v on Pseudomonas aeruginosa strain Ps-? in NBYE
broth.
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TABLE 4. Changes in plaque titer of a partially purified phage 7s preparation after a 30-min
exposure to ribonuclease or ribonuclease and EDTA*

Dilution
Diluent
1:9at 37 C 1:100 at 37 C 1:100 at 25 C
Phosphate buffer (0.006 M, pH 7.2)......... 5.2 X 1013 4.9 X 1013 5.1 X 1013
Phosphate buffer plus ribonuclease (20 ug/
ml). ... 4.4 X 1083 0.05 X 1013 0.4 X 1013
Phosphate buffer plus ribonuclease (20 ug/
ml) plus 0.005 Mm EDTA.................. 4.7 X 10t 1.7 X 1013 5.0 X 1013

* Each figure is an average value in PFU per ml obtained from three experiments.

Discussion

The study reported in this communication was
undertaken initially to inquire into the relation-
ship between phage 7v and P. aeruginosa strain
Ps-7. As a result of this investigation, two addi-
tional phages were isolated from cultures of strain
Ps-7 which have been shown to be unrelated to
each other or to phage 7v. Since the phages con-
cerned have properties of individual interest, each
will be discussed separately.

Phage 7v. Our attention was originally directed
towards the presence of phage 7v by the observa-
tion that occasionally, and unpredictably, clear
plaques appear spontaneously in areas of con-
fluent growth when strain Ps-7 is streaked on
solid media. During this investigation, numerous
unsuccessful attempts were made to isolate phage
7v as a contaminant in the laboratory; thus, the
infrequent appearance of clear plaques from
which phage 7v can be isolated appears to be a
stable characteristic of P. aeruginosa strain Ps-7.
The failure to isolate phage 7v from overnight
broth cultures of strain Ps-7, or to increase the
frequency of spontaneously appearing 7v plaques
by prolonged incubation of broth cultures of
Ps-7, does not support the hypothesis that Pseu-
domonas-7 is a carrier strain (Lwoff, 1953) for
phage 7v. Alternatively, the infrequent appear-
ance of spontaneous phage 7v plaques suggested
the hypothesis that phage 7v probably arises as
the result of a rare mutation, or a series of muta-
tions, occurring in a temperate phage in a manner
analogous to that reported for Bacillus phage
Wa (McCloy, 1951, 1958). Although attempts to
demonstrate the presence of a temperate phage
related to phage 7v have not as yet met with suc-
cess, it is highly probable that this is a result of
the unavailability of sensitive indicator strains.
This conclusion is supported by the observation
that temperate P. aeruginosa bacteriophages tend

to exhibit extremely limited host ranges (Feary
et al., 1963b).

Phage 7v shows some similarity to P. aerugi-
nosa phage E79 described by Holloway, Egan,
and Monk (1960). These two viruses are not anti-
genically related (Feary, unpublished data); how-
ever, like phage E79, phage 7v exhibits a rela-
tively wide host range and is capable of causing
the complete lysis of broth cultures of sensitive
strains. Unlike phage E79, which brings about a
marked reduction of bacterial growth when used
to infect an exponentially growing culture (Hollo-
way et al., 1960), the infection of sensitive strains
with phage 7v, under conditions which insure in-
fection of the majority of cells in the culture, does
not appreciably affect the rate of increase in the
turbidity of exponentially growing cultures. This
observation suggests that phage 7v is indeed a
virulent mutant of a temperate phage (Lwoff,
1953; Jacob and Wollman, 1953); however, the
finding that abortive infection is a prominent
feature following adsorption of phage 7v to host
cells of strain Ps-7 raises questions regarding the
validity of the criterion for this system. In rela-
tion to the above, it would be of interest to learn
the events which bring about the lysis inhibition
observed in broth cultures of strain Ps-7 multiply
infected with phage 7v. In particular, it would be
well to know whether the lysis inhibition observed
is a consequence of superinfection by phage 7v
particles, as has been shown to be the case for the
lysis inhibition of phage T, (Doermann, 1948), or
whether it is a result of superinfection by temper-
ate phages such as phage 7m which are present in
Ps-7 cultures in relatively high concentrations. In
view of the demonstration (Fry and Gros, 1959)
that significant metabolic disturbances in bacte-
rial cells are brought about during the establish-
ment of lysogeny, it could be postulated that the
abortive infection as well as the lysis inhibition
observed in this system is a consequence of super-
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infection by temperate phages. Unfortunately,
the results obtained by the infection of a multi-
lysogenic host system cannot be entirely attrib-
uted to the interaction of a single virus with the
host cell; our attempts to isolate nonlysogenic,
sensitive strains of P. aeruginosa have not been
successful (Feary et al., 1963b).

Phage 7m. This bacteriophage is found in con-
stant association with strain Ps-7 and is present
in overnight broth cultures in characteristic con-
centrations. Its production can be induced by ex-
posure of exponentially growing cultures of Ps-7
to ultraviolet light, and strains sensitive to phage
7m are lysogenized. In addition, strain Ps-7 has
been shown to be immune to infection by phage
7m. Thus, it is concluded that the relationship
between P. aeruginosa strain Ps-7 and phage 7Tm
meets the classical criteria for lysogeny (Lwoff,
1953; Jacob and Wollman, 1959).

Phage 7s. Throughout this investigation, we
have consistently been able to demonstrate the
presence of phage 7sin broth culturesof P. aerugi-
nosa strain Ps-7. In a careful check for possible
contamination, it was found that phage 7s does
not share properties in common with any of the
bacteriophages under investigation in our labora-
tory. Shortly after the preparation of large quan-
tities of lysates of phage 7s (Feary et al., 1963a),
laboratory contamination was detected ; however,
it was found that this could be eliminated by
diligent application of disinfectant to floors,
benches, and shelves in the work areas, and could
be prevented by strict application of sterile tech-
niques. Our original observation was confirmed
when phage 7s was reisolated from a broth culture
of strain Ps-7 that had been started from a lyo-
philized preparation of this organism stored for 2
years prior to the original isolation of phage 7s.

On the basis of data presently available, the
nature of phage 7s is somewhat of an enigma. Al-
though it can be demonstrated in association with
a lysogenic bacterial strain and its adsorption to
this strain suggests some sort of an immunity
mechanism, because it is a RNA virus, its mode
of association with the constituents of the host
cell may differ markedly from that observed in
the case of temperate deoxyribonucleic acid
(DNA) viruses. Information regarding the nature
of therelationship between phage 7sand P. aerugi-
nosa strain Ps-7 could be obtained by application
of the sequence complimentarity test devised by
Hall and Speigelman (1961) and recently used
(Doi and Speigelman, 1962) to show that no ho-
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mology exists between the RNA of phage MS2
and the DNA of its host strain E. coli Hfr strain
K-16. In addition, genetic recombination (conju-
gation) has been described for P. aeruginosa (Hol-
loway, 1955; Holloway and Jennings, 1958; Hol-
loway and Fargie, 1960). Genetic experiments,
employing strains of P. aeruginosa in which;a
permanent relationship with phage 7s has been
established, should shed additional light on the
mode of association of this virus with the con-
stituents of its host strain.

The sensitivity of phage 7s to ribonuclease was
unexpected and warrants further study. Among
the many possibilities, there are at least three
reasonable suppositions which may help to ex-
plain this observation. First, partially purified
preparations of phage 7s may contain significant
levels of proteolytic enzymes which, under the
proper conditions, break down the protein coat
of the virus, allowing ribonuclease in turn to in-
activate the viral nucleic acid. This hypothesis
would account for the partial protection observed
in the presence of EDTA in cases where metals
serve as cofactors for proteolytic enzymes. A sec-
ond tentative explanation for the observed effect
of ribonuclease is that perhaps incomplete virus
protein coats form which carry a full complement
of RNA. Support for this hypothesis is gained by
the observation (Feary et al., 1963a) that par-
tially purified phage 7s preparations contain
particles of two different sizes. The heavier parti-
cles (with a sedimentation coefficient of 88s) do-
not dissociate in the presence of EDTA, while the
lighter particles (with a sedimentation coefficient
of 53s) are completely dissociated in the presence
of EDTA. Support is lent to the proposition that
the smaller particles represent incomplete virus
by the finding that, although there is a significant
loss in total RNA after the treatment of such
preparations with ribonuclease and EDTA, there
is no significant change in the base ratios of the
RNA that resists such treatment. This second
tentative hypothesis does not account for the
partial protection observed in the presence of
EDTA. A third explanation for the observed sen-
sitivity of phage 7s in the presence of ribonuclease
might be that at high dilutions in a dilute buffer
system, dissociation of the phage protein coat
occurs to a degree sufficient to allow inactivation
of infectious viral RNA by the enzymes. Again,
this provisional hypothesis does not account for
the partial protection obtained in the presence of
EDTA.
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The sensitivity of phage 7s to ribonuclease
offers additional proof that this virus contains
RNA as its nucleic acid component. This ob-
servation may also account for the low concen-
tration of phage 7s found in broth cultures of
P. aeruginosa strain Ps-7.

ACKNOWLEDGMENTS

This investigation was supported by U.S. Pub-
lic Health Service grant B-3215. During the
course of this investigation, the senior author was
a Predoctoral Trainee under research training
grant 2G-79 from the Division of General Medical
Sciences, National Institutes of Health. E. Fisher,
Jr., and T. N. Fisher are Research Career Devel-
opment Awardees, NB-K3-3233 and GM-K3-
3234-C3, respectively.

We wish to thank Charles E. Dunlap of the
Department of Pathology, Tulane University
Medical School, for making an electron micro-
scope available during this investigation. The
senior author is especially grateful to James C.
Harkin and Herbert Ichinose for assistance con-
cerning techniques in electron microscopy.

LiTERATURE CITED

Apams, M. H. 1950. Methods of study of bacterial
viruses. Methods Med. Res. 2:1-73.

Apams, M. H. 1959. Bacteriophages. Interscience
Publishers, Inc., New York.

BrabLeEY, D. E. 1962. A study of the negative
staining process. J. Gen. Microbiol. 29:503-
516.

BrabLEYy, D. E., anNp D. KavY. 1960. The fine struc-
ture of bacteriophages. J. Gen. Microbiol. 23:
553-563.

BRENNER, S., AND R. W. HornNE. 1959. A negative
staining method for high resolution electron
microscopy of viruses. Biochim. Biophys.
Acta 34:103-110.

Dickinson, L. 1948. The bacteriophage of Pseu-
domonas pyocyanea. 1. The effect of various
substances upon their development. J. Gen.
Microbiol. 2:154-161.

DoerMaNN, A. H. 1948. Lysis and lysis inhibition
with Ischerichia coli bacteriophage. J. Bac-
teriol. 55:257-276.

Do1, R. H., anp S. SPEIGELMAN. 1962. Homology
test between the nucleic acid of an RNA virus
and the DNA in the host cell. Science 138:
1270-1272.

Evruis, E. L., anp M. DELBRUCK. 1939. The growth
of bacteriophage. J. Gen. Physiol. 22:365-384.

Feary, T. W., E. Fisugr, anp T. N. FISHER.
1963a. A small RNA containing Pseudomonas
aeruginosa bacteriophage. Biochem. Biophys.
Res. Commun. 10:359-365.

FEARY, FISHER, AND FISHER

J. BACTERIOL,

FeEary, T. W., E. FisHger, anp T. N. FISHER.
1963b. Lysogeny and phage resistance in
Pseudomonas aeruginosa. Proc. Soc. Exptl.
Biol. Med. 113:426-430.

Fry, B. A., anp F. Gros. 1959. The metabolic
activities of Escherichia coli during the es-
tablishment of lysogeny. J. Gen. Microbiol.
21:685-692.

GouLp, J. C., anp J. W. McLEob. 1960. A study of
the use of agglutinating sera and phage lysis
in the classification of strains of Pseudomonas
aeruginosa. J. Pathol. Bacteriol. 79:295-311.

GRABER, C. D., R. Larra, E. H. VoEGL, AND R.
BraME. 1962. Bacteriophage grouping of
Pseudomonas aeruginosa. Am. J. Clin. Pathol.
37:54-62.

Harr, B. D., anND S. SPEIGELMAN. 1961. Sequence
complimentarity of T2-DNA and T2-specific
RNA. Proc. Natl. Acad. Sci. U.S. 47:137-146.

Hoiroway, B. W. 1955. Genetic recombination in
Pseudomonas aeruginosa. J. Gen. Microbiol.
13:572-581.

Horroway, B. W., J. B. EcaNn, aAND M. MoNK.
1960. Lysogeny in Pseudomonas aeruginosa.
Australian J. Exptl. Biol. Med. Sci. 33:321-
329.

HoLLoway, B. W., aND B. FARGIE. 1960. Fertility
factors and genetic linkage in Pseudomonas
aeruginosa. J. Bacteriol. 80:362-368.

HorrLoway, B. W., anDp P. A. JENNINGS. 1958. An
infectious fertility factor for Pseudomonas
aeruginosa. Nature 181:855-856.

Jacos, F., anp E. L. WoLLMaN. 1953. Induction
of phage development in lysogenic bacteria.
Cold Spring Harbor Symp. Quant. Biol. 18:
101-121.

Jacos, F., anp E. L. WoLLMAN. 1959. Lysogeny, p.
319-351. In F. M. Burnet and W. M. Stanley
[ed.], The viruses, vol. 2. Academic Press, Inc.,
New York.

Lworr, A. 1953. Lysogeny. Bacteriol. Rev. 17:
269-337.

McCrory, E. W. 1951. Studies on a lysogenic
Bacillus strain. I. A bacteriophage specific
for Bacillus anthracis. J. Hyg. 49:114-125.

McCLory, E. W. 1958. Lysogenicity and immunity
to Bacillus phage W. J. Gen. Microbiol. 18:
198-220.

MEevYNELL, E. W. 1962. Characteristics of a group
of Bacillus phages. J. Gen. Microbiol. 28: 103-
117.

Postic, B., aANpD M. FinLaND. 1961. Observations
on bacteriophage typing of Pseudomonas
aeruginosa. J. Clin. Invest. 40:2064-2075.

Warson, J. D. 1950. The properties of X-ray-
inactivated bacteriophage. I. Inactivation by
direct effect. J. Bacteriol. 60:697-718.



