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Summary. Mitomycin C (MC) added to a young culture of Bacillus cereus strain Win-
duced marked lysis. The concentration of MC affected the degree of lysis as well as the con-
centration of phage and bactcriocin (phospholipase A) in the lysate. The factor controlling the
production of bactcriocin could he eliminated by chemical agents; thus c,in~, not capable of
producing bacteriocin, was obtained regularly. With the aid of cin~ bacteria, a phage was
detected in the lysate of wild-type bacteria, which was denoted as phage tvx, controlled
by a prophage. Phage wx is of temperate character. In addition, these lysates also contained a
proportion (about 10-3 to 10~a) of clear-plaque forming mutants (wxc). Phages wx and B dif-
fered in their antigenic structures and other characteristics; thus they are not of common gene-
tic origin. A striking feature of phage ictc is its high host specificity; none of the numerous
strains belonging to any species of the genus Bacillus were attacked except the cured deri-
vative of strain W, denoted as cin of B. cereus.

McCioy [1] described the lysogenic strain W of Bacillus cereus, which
liberates a phage highly specific to B. anthracis, whereas strains belonging to
oilier species of the genus Bacillus are practically all resistant. The character-
istics of this phage, designated as W/T, and its allelic mutant Woe which forms
clear plaques, have been studied in several respects [2, 3]. Phage W/3 may be
considered semitemperate because in certain cases it forms labile complexes
with wild strains of B. anthracis [4]. Further mutants were also described, which
can be considered to be the alleles of phage B [2, 3, 5]. The antigenic structures
of the alleles were found to be identical. Phage B and its mutants were desig-
nated as phage group W.

It has recently been reported [« ] that the addition of a small amount of
mitomycin C (MC) to a culture of B. cereus strain W growing exponentially
resulted in a residual growth followed by mass lysis of the bacteria. The lysate
contained both phage B and a bacteriocin of narrow spectrum. The bacteriocin
of strain W was considered to be phospholipase A, like that produced by cer-
tain strains of B. megaterium (see reviews [7, 8]) and found by Ozeki et al. [9]
to be identical with that enzyme.

It seemed reasonable to study the B. cereus strain W to determine the
relations between the lysogenic and bacteriocinogenic features. In the course
of these studies we found that besides prophage B there exists another unknown
prophage, remarkable for its extraordinary specificity.
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Materials and methods

Bacterial strains. The 12 strains of B. cereus which can be induced by MC have already
been reported [6] in connection with our detailed studies on strain W producing phospholipase
A. Besides these strains we have applied a number of B. cereus strains as indicators. These
strains were freshly isolated from soil samples and were identified on the basis of the following
criteria: colony morphology, haemolysis, and behaviour on egg yolk agar. The strains applied
in our work are listed in Table I.

Table 1

Number and origin of the strains applied for determining the host range of phage ivxc

Species Designation Characteristics o e Refer
strains
B. cereus li Own collection 6
wild type 28 Freshly isolated
T 1
6464 1 C. Il Thorne 10
6464 C 1 C. Il Thorne
B. thiiringiensis 14 J. R. Norris li
B. anthracis Davis Non sporulating 1 E. Meynell |
Capsulogenic 3 Own collection 12
Non capsulogenic 6 Own collection
Defective prophage
carrier 6  Own collection 5
B. subtilis Marburg Yale 1 Own collection
NRS 3 R. E. Gordon
B. subtilis var.
atterimus NRS 5 R. E. Gordon
B. subtilis var.
niger NRS 3 R. E. Gordon
B. licheniformis NRS 5 R. E. Gordon
B. mcgaterium MUT-C Phage resistant,
non sporulating 1 Own collection 13
Phage sensitive, 2 Own collection
Sporulating 13 Own collection

As an indicator for detecting phospholipase A produced either by a growing colony or one
containing a lysate, a highly sensitive B. mcgaterium strain MUT-C was used. Phage B was
assayed with strain Davis of B. anthracis.

Phages. Phage materials a and B were isolated from B. cereus W, and propagated either
on strain Davis or VR of B. anthracis.

Anti-phage serum. The VR broth culture of B. anthracis was inoculated with phage
(M.o.i.: 1.5) and aerated by shaking at 37°C until lysis, followed by centrifugation. After addi-
tion of 0.5 m NaCl and 5% polyethylene glycol (mol wt 6000) the precipitate formed was sub-
jected to fractional centrifugation. The purified phage preparation from the ultracentrifuge
contained 2.4x10 12 particles. Altogether 4 rabbits were immunized, first intravenously, then
intramuscularly with Freund adjuvant. The inoculation was generally performed with 1.2 X tO12
infective phages, every 5 days, five or six times. Individual rabbits gave a maximum value of
10—15 K.
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Phage material wxc, the preparation of which is described in the experimental part, was
applied to obtain antiphage serum. Rabbits were injected 4 times with 2x KO 10virions in Freund
adjuvant.

. Culture media. Resides using the previously described YP (yeast extract-peptone) con-
taining baker’s yeast extract and peptone (Reanal, Budapest), the following media were used
for comparative examinations: BPY: Beef extract, 3 g; peptone, 5 g; yeast extract, 3 g; NacCl,
3.5 g; distilled water, 1000 ml; pH 7.2. The ingredients were Difco products. BPYe,: BPY
was supplemented with bivalent cations: Mn++ 1/5000 m; Mg++ 1/1000 m; Ca++ 1/1000 m;
Fe +++ 1/50 000 M BPYe2: besides containing the above-mentioned electrolytes, the following
salts were added at a concentration of 1/fg/inl; CoS04« H20; 3CdSu4+81i20; ZnCl2 The media
were solidified by the addition of 1.5% agar.

Cultivation of the bacteria. The same method was used as described previously [6]. When
the culture reached an OD of 0.2 0.3, mitomycin C (MC) was added. After a residual growth
the aerated cultures were lysed to a greater extent. The lysates were filtered (membrane filter,
Gottingen, No. 6) and assay of the phage was performed as described previously [6J. The top
agar layer contained 0.7% agar.

Isolation of plasmid-free clones. W bacteria were inoculated into YP containing either
acridine orange or ethidium bromide (5 10 /tg/ml) and inoculated under vigorous shaking at
37°C until they had formed spores. Spore materials were streaked to form 50-70 colonies,
12 mm in diameter, on YP agar at room temperature overnight. These master plates were
replicated with the aid of velveteen disk on an agar plate i.i which the soft agar layer was
seeded with 11. megaterium MUT-C. The replicas were irradiated by Hanau low-pressure germi-
cide lamps (250 erg/mm2) before incubation.

The MUT-C indicator layer was prepared by adding to 1 ml of melted YP agar 1 ml of
bacterial culture with an OU of 0.5 and was put onto 25 ml bottom agar.

The clones which do not produce bacteriocin (cin~) were successfully isolated in this
way. Attempts to produce B prophage-free derivatives have failed. Several ways were tried
using cin~ bacteria in the presence of either acridine orange or ethidium bromide and 0.05 m
Na acetate at 37°C or 43°C to form spores. The cultures also contained 10% of antiphage serum.
We have also tried, but without success, to treat the spores with a large dose of ultraviolet
irradiation. Unfortunately we failed to select these B prophage-free clones when the B. anthra-
cis Davis indicator strain was used according to the above-described method. Colonies treated
by different procedures were therefore inoculated into a few ml of YP broth, cultured and centri-
fuged, and the supernatant was investigated for the presence of phages. In this way we could
examine not more than a few hundred isolates.

Results

Production of plasmid-free derivatives of B. cereus strain W. Segregants
which had lost the ability to produce bacteriocin were isolated with ease. Fig. 1
shows that while the wild type of clones have a marked halo, the cin ~segre-
gants have no effect on the indicator bacteria.

Table 11 lists the frequency of cin~ segregants under different experimen-
tal conditions. The colonies seeming to be cin on the indicator plates were
checked by reisolation. It was found that about 2/3 of these isolates were stable,
e.g. bacteriocin production could not he induced by the addition of MG. The
cin strains selected were maintained in the form of spores.

We attempted to isolate 8 prophage-free segregant by the described
method, but failed to obtain even a single one from about 600 isolates. It seems
that the prophage is integrated in the chromosome in a stable form.

Induction of the wild type strain and the cin derivative under different
conditions. Induction of wild type and cin~ strains was investigated under
different conditions. MC was added in concentrations of 0.1 pg/ml and 0.5
pg/ml to young cultures. Samples were taken at intervals, and the number of
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Fig. 1. Replicas on B. megaterium MUT-C of colonies formed from spore material obtained in
the presence of acridine orange. The halo around the colonies indicates hacteriocin production.
The colonies without halo are clones which have lost hacteriocin activity (cin~). Original size

Table 11

Frequency of cin segregant in B. cereus strain W sporulated under different conditions

lones

No. of clones cin
Drug examined
No. Per cent
0 (control) 542 0 0
EB 5 (jg/ml 502 132 26.4
EB 10 /ig iril 561 154 23.3
AO 10 jitg/ml 1141 217 18.7

The experiment was performed on YP broth containing either ethidium bromide (EB) 5 /(g/inl
and 10 |«g/ml or acridine orange (AO) 10 /tg/ml. Cultivation was made until mass sporulation
had occurred

plaque-forming units was determined on the Davis indicator plate. Fig. 2
illustrates the findings. Spontaneous induction of prophage R of the “wild
type” strain W was insignificant. In the presence of 0.1 pg/ml MC, transitional
lysis could be observed, accompanied by a significant phage production. In
contrast, 0.5 pg/ml MC did not increase the phage release in spite of causing
a marked lysis.
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Fig. 2. Phage B production by fi. cereus strain W under different conditions. (Indicator: strain
Davis of H. anthracis). A. culture without mitomycin; B. 0.1 /ig/rnl; C. 0.S fig/ml mitomycin.
0 OD; - p.f.u./ml

Phage-yield was insignificant in the absence of MC. However, in the pres-
ence of 0.1 fig/ml MC, the phage B yield was higher by ¢ exponents. It was
remarkable that in spite of the large phage-yield the optical density of the cul-
ture did not change. In the presence of 0.5 //g/ml MC, phage release was not
more significant than in the cultures without MC, although growth was retarded

(Fig. 3).
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Fig. 3. Phage production by strain B. cereus W cin~ under different conditions. (Indicator:
strain Davis of B. anlhracis). A. culture without mitomycin; B. 0.1 gor/ml; C. 0.5 /xg/ml mito-
mycin. o =0D; « = p.f.u./ml

The culture fluid of the wild type strain without MC displayed a bacterio-
cin effect at a titre of 1 : 100, similarly to that found when 0.1 fxg/ml MC was
applied. In contrast, when 0.5 //g/ml MC was present, even 1 :3200 dilution
of the lysate had an antibacterial effect.

These results suggest that at least two plasmids may occur in the wild

type strain.
Isolation ofphage wx. The lysates obtained from strain W under different

conditions were implanted in cin~ indicator cells, according to the usual
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Fig. 4. Plaques of phage wx on cin indicator strain. Besides numerous turbid plaques 2 clear
mutants are seen (indicated by arrows). Original size
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Fig. 5. Plaques of_phage B on strain Davis of H. anthracis (X 1.5)

method of phage-assay. The number of p.f.u. was determined simultaneously
with Davis bacteria. Appearance and morphology of the plaques formed on the
cin~ indicator depended greatly on the medium applied. On YP medium, a
large number of turbid plaques 1.0—1.5 mm in diameter were found. These
plagues were different from those which had formed on Davis indicator plates
(see Figs 4 and 5). When BPY medium was used, no plaque-formation was
observed in the presence of cin~ indicator. Certain cations seem to be necessary
for phage propagation; this was clearly shown when BPYcj and BPYe. media

4 Ada Microbiologica Academiae Scientiarurn llungaricae 20, 1973



216 GAAL and IVANOVICS

were used, when a similar plagque-formation resulted as on YP agar. When the
BPY agar was supplemented with incinerated Reanal peptone, this provided
the cations necessary for the formation of the characteristic plaques seen on YP
agar.

The phages differed in their antigenic structure, too. Phage R could he
neutralized by its homologous serum, in contrast to those phages which
gave turbid plaques on cin~ indicator plates.

This means that two phages were present in the lysate which differed in
both antigenic structure and host specificity; one of these was the well-known
phage R while the second phage was designated as wx.

It should be stressed that phage wx only formed plaques on cin bacteria,
which contains prophage R, and thus is immune to its vegetative phage.

The ratio of phages B and wx in individual lysates differed according to
the concentration of mytomycin C used for induction (see Table I1I1).

Table 111
P.f.u./ml of phages wx and B in the lysates of B. cereus strain W

Mitomycin C added to the culture

% .
bl strain 0.1 /ig/ml 0.5 //g/inl 0

R Davis 4 X 1« 15 X 10s 2 X K05

wx cin ~ 4 X 105 2.3 X 10J 2 X 106

Phage wx was not effective either on the different wild-type isolates of
B. cereus or the 11 B. cereus strains described previously [ ]. Similarly, strains
of B. anthracis were not attacked. The host range of wx will be described in
connection with its clear mutant, since the lysate containing phage wx was
associated with bacteriocin which often resulted in misjudgement.

Characteristics of the formation of clear plaques (wxc). Lysates of strain W
induced with MG always contained a fewr clear plaques in addition to turbid
one in cin indicator plates. The morphology of this plaque is clear and at the
edges the lysis isincomplete (Fig. «). The individual plaques measure 3— mm
in diameter. This typical morphology could be observed when both YP and
BPYe. media were used. It was striking that on occasions even after 24 hr a
pinhead-sized secondary colony developed in the middle of the plaque. A sporu-
lated sample was taken from the secondary growth and phage contamination
was inactivated by heat. When this was used as an indicator strain, it turned
out to be completely resistant to phage wx. The host range of the wxc phage
suspension was determined with numerous strains of the bacillus species.
The phage suspension was diluted to contain 1.6 X 10* virions per 0.02 ml. The
97 strains listed in Table | were examined by inoculating the diluted suspension
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of bacteria onto YP plate agar, after which drops of phage were applied. It
was striking that none of the numerous strains of different Bacillus species were
sensitive to phage wxc.

It must he pointed out that when the sensitivity of B. anthracis strainé
was tested, the phage suspension was treated with W« antiphage serum, and
thus the phage W virions occurring in the lysate had been neutralized.

Fig. 6. Plagques of phage wxc on B. cereus W cin~ bacteria. Original size

All cin~ bacteria included prophage #, and this"suggested that its pres-
ence might support propagation of phage wx. Strains of B. anthracis (YR and
Sterne 18—74) were therefore lysogenized with phage # and infected with wxc;
even in this case phage wxc failed to propagate.

Phage wxc resisted both 1INA-ase and DNA-ase; when it was plated with
cin~ bacteria in a soft-agar layer containing either 5 pg/ml RNA-ase or 50
pg/ml DNA-ase, the number of plaques was identical with that of a control
plate. The tliermolability of the agent is also a proof in favour of the phage
nature (see Fig. 7).

Phage wx can be considered a wild-type, an allelic mutant of wxc. The
homologous serum of phage wxc neutralized the wx and wxc virions to the same
extent.

Production of phage wx. A convenient method for obtaining wild-type
virion wx was to induce a growing culture of strain W with 0.5 pg/ml MC. The
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MINUTES

Fig. 7. Heat inactivation of phages B and wxc. The lysates were diluted 1:10 with 0.02m
phosphate buffer pH 7.2

p.f.u. value of this lysate was about :.¢/ml, and could easily be increased by
ultracentrifugation. The usual soft-agar method was applied to obtain a wxc
phage suspension. About 10s phage particles were mixed with cin~ bacteria
into the soft-agar layer. The indicator bacteria were lysed overnight. The soft-
agar layer was scraped off into saline containing 20% YP broth, under vigorous
shaking and then centrifuged. In this way about 1010/ml p.f.u. of wxc and 5 X FO.
phage R were found in the lysate. Hence, the concentration of the wxc virions
was about 5 orders higher than that of phage R.

Discussion

B. cereus strain W carries a prophage R [1-3], and when induced to
lysis a bacteriocin is released which is identical with phospholipase A [« ].
During these investigations a new factor has been observed, a prophage desig-
nated ivx. Prophage wx can be induced by other conditions than those used for
prophage R. There is no doubt that the two prophages represent two different
genetic entities. The antigenic structure and some other characteristics of
their virions are completely different. The most striking feature of phage wx
is its extraordinary host-specificity. Numerous strains belonging to the genus
Bacillus were not attacked, except for a derivative of B. cereus strain W, which
does not produce bacteriocin. For this reason it seems reasonable to denote
the prophage in question with the attribute “cryptic”.
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