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The host bacterium of bacteriophage GA-1, Bacillus sp. G1R, was compared
with respect to its taxonomic relationship to Bacillus subtilis, B. licheniformis,
and B. pumilis. The physiological-biochemical properties of Bacillus sp. G1R are
equal to those of B. licheniformis, but the thermal denaturation midpoint of GIR
DNA differs by 3 C and the buoyant density by 0.005 g/cm?® from that of B.
licheniformis. Transformation with G1R donor DNA was neither observed in B.
licheniformis nor in B. subtilis-competent recipients. Bacteriophage GA-1 shows
neither infectivity on B. licheniformis nor on B. subtilis. However, infection of
competent B. subtilis cultures with phenol-extracted GA-1 DNA results in the
production of infective GA-1 particles. The transfecting activity of GA-1 DNA is
destroyed by treatment with proteolytic enzymes. Resistance of transfecting
DNA to inactivation by trypsin develops earlier than that to inactivation by
DNase. Protease-treated GA-1 DNA competes with transforming DNA to
approximately the same extent as does untreated GA-1 DNA, suggesting that
uptake of GA-1 DNA is not affected by protease treatment. CsCl density gradient
centrifugation reveals that the density of trypsinized GA-1 DNA is 0.004 g/cm?

greater than that of untreated DNA.

DNA of bacteriophage ¢$29, having a molecu-
lar weight of 11 x 10° (2), is the smallest phage
DNA described in transfection studies of Bacil-
lus subtilis. Although the host bacterium of
bacteriophage ¢29 is considered to be B.
amyloliquefaciens (27), the phage is also infec-
tive on B. subtilis 168. DNAs of other B. subtilis
phages, showing transfecting activity on compe-
tent B. subtilis cells, have a molecular weight
that is considerably higher than that of ¢$29
DNA, e.g., SPP1, SPO2, and 4105 (molecular
weight ~ 25 x 109 (5, 15, 16) and ¢25, SPO1,
2C, SP82, and SP50 (molecular weight =~ 100 x
10%) (25). The transfecting activity of $29 DNA
differs from that of the other known virulent B.
subtilis phages in two respects: (i) transfection
with ¢29 DNA is protease sensitive (9) and (ii)
transfection curves, relating the number of
infective centers to the DNA concentration
used, exhibit a first order concentration de-
pendence (14, 20).

Linear dose-response curves are also observed
for SPO2 DNA (20) and ¢105 DNA (17), but
these phages are known to be temperate. In
addition, SPO2 transfection is sensitive to pro-
teolytic enzymes (H. Hirokawa and T. A. Traut-
ner, personal communication).

Originally, the aim of the present study was
to extend the transfection data for B. subtilis
with another small B. subtilis phage, having
DNA with approximately the same molecular
weight as ¢29 DNA. When we learned that
bacteriophage GA-1 is not able to infect B.
subtilis and that its host is not B. subtilis as was
assumed by Bradley (7), an attempt was made
to obtain heterologous transfection in B. subtilis
with the DNA of bacteriophage GA-1.

MATERIALS AND METHODS

Strains. The following bacterial strains were used:
B. subtilis strain 1G20 (carrying the ind,q [= trpC2
marker]) and strain 8G5, an eightfold auxotrophic
strain described by Bron and Venema (8); B.
licheniformis strain S 859 pur~trp-pep~ and strain S
1333 arg pep~ (pep refers to the gene determining
glutamyl polypeptide biosynthesis); B. pumilis ob-
tained from the culture collection of the Agricultural
University, Wageningen, The Netherlands; B. sp.
G1R obtained from D. E. Bradley, who classified the
strain as B. subtilis; B. sp. G1R str*, a streptomycin-
resistant strain of B sp. G1R isolated after N-methyl-
N'-nitro-N-nitrosoguanidine mutagenesis.

The bacteriophage strains used were: bacterio-
phage GA-1, obtained from D. E. Bradley; bacterio-
phage H1, a 5-hydroxymethyl uracil containing viru-
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lent B. subtilis 168 phage isolated in our laboratory;
bacteriophage SPP1 (15) another virulent B. subtilis
phage.

Media. Standard media, which have been de-
scribed previously, were used throughout as follows.
Glucose minimal medium (21) was used for the prep-
aration of competent B. subtilis cells; BLSG and TM
medium (24) were used for the preparation of compe-
tent B. licheniformis cells. The media and methods
employed by Smith et al. (19) were used for the clas-
sification tests. H-broth (0.8% Difco nutrient broth,
0.5% bactopeptone, 0.5% NaCl, 0.5% glucose, and
10-* M MnCl,, pH 7.2) was used for the preparation
of GA-1 lysates, and TY medium (0.1% tryptone, Ox-
oid), 0.5% yeast extract, 1% NaCl, 10-* M MnCl,,
and 1.5% agar, Difco) for plating of the phage.

Preparation of phage lysates. Logarithmically
growing cells of B. sp. G1R in H-broth were infected
with GA-1 at a multiplicity of infection of 1 to 3.
Complete lysis occurred within 2.5 h at 37 C. Crude
lysates contained approximately 10! PFU/ml. Bacte-
riophages were collected and purified as described by
Yamamoto et al. (29). H1 and SPP1 lysates were
prepared in essentially the same way, using B. subtilis
1G20 as host.

DNA preparations. Bacterial DNAs were isolated
as described previously (3). GA-1 DNA was obtained
by phenol extraction as described by Hirokawa (9) for
¢29 DNA, with the exception that sodium lauryl
sulphate (0.2%) was used instead of sodium lauryl
sarcosinate. Other phage DNAs were extracted by the
same method.

Proteolytic enzyme treatment. Trypsin (2x crys-
tallized, Sigma) and Pronase (B grade, Calbiochem)
were dissolved in SSC (0.15 M NaCl + 0.015 M Na,
citrate) just before use. Pronase solutions were autodi-
gested for 3 h at 42 C to destroy possible nuclease
activity. Usually 0.2 ml of DNA was mixed with 0.2
ml of enzyme solution and incubated for 30 min at
34 C. Inhibited trypsin was prepared by mixing equal
amounts of trypsin with soy bean inhibitor (Sigma).

Transformation and transfection. B. subtilis cul-
tures were made competent as described previously
(3). B. licheniformis cultures were made competent as
described by Thorne and Stull (24). Incubation of
competent cells with transforming DNA was at 37 C
for 45 min. Uptake of DNA was terminated by the
addition of pancreatic DNase (50 ug/ml). For SPP1
and H1 transfection, competent B. subtilis cultures
were incubated with transfecting DNA at 34 C for 45
min, and transfectants were plated on trypticase
yeast (TY) medium in 2.5 ml of soft agar plus about
10® broth-grown 1G20 indicator cells. Phage GA-1
does not infect B. subtilis, and the host bacterium
Bacillus sp. G1R is unable to grow in the presence of
B. subtilis. However, we were able to demonstrate
transfection of B. subtilis with GA-1 DNA in the
following way. Competent B. subtilis cells were incu-
bated with GA-1 DNA at 34 C for 60 min and transfec-
tion was terminated by addition of DNase (50 ug/ml).
The transfected culture was diluted fivefold with
H-broth, aerobically incubated for 3.5 h at 37 C, and
plated on TY medium containing 500 ug of strep-
tomycin per ml with Bacillus sp. G1R str® as plating
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bacteria. The growth period in H-broth prior to
plating on streptomycin-containing plates is neces-
sary to allow GA-1 phage production in B. subtilis.

Buoyant density (p) and T,,. The methods used
for buoyant density and thermal denaturation mea-
surements (T,,) were those described by Schildkraut
et al. (18) and Marmur and Doty (11), respectively.

Antisera. Anti-GA-1 phage serum (K = 80) and
anti-¢29 phage serum (K = 790) were obtained
through the kind cooperation of H. G. Seyen, Dept. of
Histology, University of Groningen.

RESULTS

Classification of Bacillus spec. GIR. The
observation that bacteriophage GA-1 is unable
to infect B. subtilis 168 and the observation that
the host bacterium Bacillus sp. G1R, classified
by Bradley (7) as a strain of Bacillus subtilis,
grows very poorly in Spizizen minimal medium,
supplemented with glucose and casein hydroly-
sate, gave reason to doubt whether classifica-
tion of Bacillus sp. GIR as a B. subtilis was jus-
tified. Since these observed differences with re-
spect to B. subtilis are of minor importance for
taxonomic classification we decided to adopt the
morphological, cultural, and biochemical tests
employed by Smith et al. (19) for the classifica-
tion of Bacillus species. A comparison was made
between Bacillus sp. GIR and Bacillus subtilis
168, B. licheniformis and B. pumilis. The results
of these classification tests indicated that Ba-
cillus sp. GIR is identical to B. licheniformis.
The T, p, and percentage of guanine plus cyto-
sine (G + C) values calculated from the Ty, or p
of the DNA of B. subtilis, B. licheniformis, and
Bacillus sp. G1R are presented in Table 1.
The values obtained for the T, and p of B.
subtilis and B. licheniformis DNA agree with
those reported by Marmur and Doty (11),
Schildkraut et al. (18), and by De Ley (19).

The transforming ability of Bacillus sp GIR
str" DNA was examined by use of competent B.
subtilis 8G5 and B. licheniformis S 1333 and S
859 cultures. Transformation was neither ob-
served for the auxotrophic markers tested nor
for the streptomycin resistance marker. By

TaBLE 1. DNA base composition of Bacillus sp. GIR,
B. subtilis, and B. licheniformis
deduced from T, and p

Tm G+C I’} G+C

Source of DNA ©) @) | (gfem)| (%)
B.sp.GIR 854 +0.2| 39.2| 1.699 | 39.8
B. subtilis 168 875+0.2| 444 1.702 | 42.9
B. licheniformis 885+0.2| 46.8| 1.704 | 44.9

@ Calculated from Ty,.
b Calculated from p.
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using homologous DNA, about 10¢ transform-
ants per ml were obtained for B. subtilis, and 2
x 10%/ml for B. licheniformis.

On the basis of these results it is difficult to
classify Bacillus sp. GIR as a strain of B.
subtillis. On the basis of the criteria employed
by Smith et al. (19) Bacillus sp. G1R should
preferably be considered to be a B. licheniformis
strain. However, the deviating T, and p, and
the inability of B. spec. GIR DNA to transform
B. licheniformis indicate that the two organisms
are genetically unrelated. Therefore, we prefer
the designation Bacillus sp. GIR rather than a
doubtful classification at the species level.

Transfection of B. subtilis with GA-1
DNA. Some .properties of bacteriophage GA-1
DNA are listed in Table 2. The molecular
weight of GA-1 DNA and its G+C content are
close to that reported for $29 DNA (1, 9), but
the two phages are not related serologically,
since GA-1 phage is not inactivated by anti-¢29
phage serum and vice versa. The production of
PFU as a function of time of incubation in
H-broth, after a period of 60 min of DNA uptake
at 34 C, is shown in Fig. 1. As controls, we
omitted from the transfection mixture (i)
competent B. subtilis cells, (ii) GA-1 DNA, or
(iii) we incubated the competent cells with
DNase-treated DNA. No plaques were observed
in the controls, indicating that infective GA-1
particles are produced by the infection of
competent B. subtilis cells with GA-1 DNA.

In the presence of anti-GA-1 phage serum in
the plates no plaques were formed, indicating
that the plaques are not caused by induction of
defective bacteriophage carried by B. subtilis
168 (12). Moreover, electron-microscope exami-
nation of the particles present in the plaques
obtained revealed phage particles indistinguish-
able from GA-1. The infective centers observed
during the first 2 h of incubation in H-broth
(Fig. 1) were not sensitive to treatment with
anti-GA-1 phage serum, indicating that they

TABLE 2. Properties of bacteriophage GA-1 DNA

Determination Value
800.wY ¢ e e e ~25
Molecular weight (x107%) from s,04° .... =135
Length (um) from electron micrographs

(Kleinschmidt technique)® ........... 6.5+04
p (Trypsin-treated DNA) ............... 1.695
G+C (deduced fromp) ................. 36%
4 84.5°C
G+C (deducedfromTy) ...t 37%

2 Electron micrographs were made by Sije Boon-
stra, Department of Biochemistry, University of Gro-
ningen.
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infective centers /0.2 ml

1 2 3 4 5 ¢
time of incubation in H-broth(hrs)

Fic. 1. Production of infective centers after infec-
tion of a competent B. subtilis culture with GA-1
DNA. Phenol-extracted GA-1 DNA (20 pg/ml) was
added to competent B. subtilis 1G20 cultures for 1 h
at 34 C. Uptake of DNA was terminated with DNase
(50 ug/ml), and the transfection mixture was diluted
fivefold in H-broth and incubated at 37 C. Samples
were withdrawn at the times indicated and plated
with B. sp. GIR str" as indicator cells.

are due to plating of infected bacteria (i.e., B.
subtilis cells infected with GA-1 DNA). The
increase in infective centers after 2 h of incuba-
tion in H-broth is caused by the liberation of
free GA-1 phage particles (+ 10 to 20 phage
particles per transfected cell), since from this
point of time plaque formation was found to
become sensitive to anti-GA-1 phage serum.

The infectivity of GA-1 DNA, previously
treated with trypsin or autodigested Pronase,
was assayed by transfection. As shown by Table
3, such treatment reduces the infectivity of
GA-1 DNA drastically. These protease treat-
ments caused no reduction in the infectivity of
SPP1 and H1 DNA, indicating that the loss of
GA-1 infectivity is not due to contaminating
nuclease activity. The same conclusion can be
drawn from the observation that trypsin, inhib-
ited with soy bean inhibitor, has no effect on the
transfecting activity of GA-1 DNA.

At various intervals after mixing of the
competent cells with transfecting DNA, pan-
creatic DNase (100 ug/ml) or trypsin (200 ug/
ml) was added. Figure 2 shows that the develop-
ment of resistance to trypsin precedes that of
resistance to DNase. These results are similar to
those obtained in ¢29 transfection by Hirokawa
(9), who interpreted his results to indicate that
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TasLE 3. Effect of proteolytic enzymes on
transfecting activity of GA-1 DNA®

No. of
Enzymes (ug/ml) ncl::lcttel:se
per ml
Trypsin
320
2 90
20 . 0
200 .. 0
Inhibited trypsin (soy bean)
P 350
2 e 410
20 e 375
200 .. 330
Pronase
0 370
2 50
20 0
200 .. 0

2 GA-1 DNA concentration in the incubation mix-
ture with proteolytic enzymes was 5 ug/ml; in trans-
fection mixture 1.4 ug/ml.

infective centers /mi

S 10 20 30 40 (min)
time of addition of DNase or trypsin
Fic. 2. Effect of trypsin and DNase during trans-
fection with GA-1 DNA on the number of infective
centers produced. Competent B. subtilis cells (1G20)
were exposed to GA-1 DNA (20 ug/ml) at 34 C. After
various intervals, 0.9-ml samples were withdrawn and
added to 0.1 ml of trypsin (2 mg/ml) (x) or to 0.1 ml
of DNase (1 mg/ml) solutions in 0.01 M phosphate
buffer (®). Fifty minutes later, 0.1 ml of trypsin was
added to the DNase samples and vice versa. Samples
were diluted fivefold in H-broth, incubated for 3.5 h at
37 C, and plated for infective centers with B. sp. GIR
str’ as indicator cells.
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protein associated with the DNA is necessary
for the uptake of 29 DNA molecules. However,
when protease-treated GA-1 DNA is used as
competitive DNA in B subtilis transformation,
the inhibitory effect on transformation is about
the same as that of untreated DNA (Table 4),
suggesting that uptake (including binding to
competent cells) of GA-1 DNA is not affected by
protease treatment.

CsCl density gradient centrifugation.
Phenol-extracted GA-1 DNA was banded by
preparative CsCl density gradient centrifuga-
tion. After fractionation of the gradients, the
peak fractions were collected and dialyzed
against SSC. After banding in CsCl density
gradients, GA-1 DNA exhibits normal infectiv-
ity and protease sensitivity. This result demon-
strates that the binding of protein to GA-1 DNA
is stable in high concentrations CsCl and,
therefore, offers the possibility to investigate
the effect of protease treatment on the buoyant
density of phenol-extracted GA-1 DNA. Figure
3 shows the buoyant densities of GA-1 DNA
before and after trypsin treatment, relative to
SP50 DNA (p = 1.7035, 6). Trypsinized GA-1
DNA bands at a position 0.004 g/cm?® heavier
than untreated DNA. From the density differ-
ence 0.004 g/cm?, the amount of protein binding
to GA-1 DNA can be estimated to be about 1%
(wt/wt) of the GA-1 DNA.

DISCUSSION

The classification of the host of bacteriophage
GA-1 as a strain of B. subtilis by Bradley (7) is
difficult to reconcile with our results. On the
basis of the physiological-biochemical classifi-

TABLE 4. Competitive effect of various DNAs on
transformation of B. subtilis®

f;‘;égﬂ Inhibition
Competitive DNA transform- foftran.s-
formation
ants/ml %)
(x 1079
No ... 23 0
Untreated GA-1 DNA ......... 5 78.2
Pronase-treated GA-1 DNA . ... i 69.4
Haemophilus influenzae DNA
(native) .................... 35 84.6
Haemophilus influenzae DNA
(heat denatured) ............ 16.5 28.5

¢ Competent 1G20 (¢trpC2) cultures were exposed to
10 ug of DNA per ml containing wild-type B. subtilis
DNA and competing DNA in a ratio of 1:10. Trans-
fecting activity of Pronase-treated GA-1 DNA was
zero. The molecular weight of B. subtilis DNA and H.
influenzae DNA was =~2 x 107.
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density

SPS0

Fic. 3. Buoyant density of trypsin-treated GA-1
DNA (upper tracing) and untreated (lower tracing)
DNA. GA-1 DNA (3 pug/ml) was incubated with
trypsin (20 ug/ml) for 30 min at 34 C. About 0.3 ug of
DNA was used for neutral CsCl density gradient
centrifugation in a Spinco model E analytical ultra-
centrifuge. Tracings were made after 18 h at 44,000
rpm and 25 C with a photo-electric scanner. SP50
DNA was used as density marker (p = 1.7035).

cation tests, the bacterium should be classified
as a strain of B. licheniformis, but because of
the deviating Ty, of its DNA and the lack of
genetic homology with B. subtilis as well as with
B. licheniformis we are inclined to assume that
Bacillus sp. G1R is a species of Bacillus neither
closely related to B. subtilis nor to B.
licheniformis.

Attempts to transfect B. subtilis with DNA
obtained from non-B. subtilis phages have all
been unsuccessful (A, T1, T4: Trautner, per-
sonal communication; T7, Mu-1: Arwert, un-
published data), with a possible exception re-
ported by Bayreuther and Romig (4) who used
polyoma virus DNA. This paper shows that
bacteriophage GA-1, which in view of the prop-
erties of its host is considered to be a non-B.
subtilis phage, is produced after infection of
competent B. subtilis cells with GA-1 DNA.
The observation that a bacteriophage genome
is fully expressed in the cytoplasm of different
bacterial species is not unique. It is known that
several Bacillus phages can be propagated on
different Bacillus species (23, 30). By using a
different system, Wais and Goldberg (26) have
demonstrated that urea-treated T4 phage can
infect and grow in spheroplasts of several
genera of bacteria which are usually resistant
to T4.

Similar to transfection with $29 DNA, trans-
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fection with GA-1 DNA is abolished by treat-
ment of the DNA with proteolytic enzymes.
Electron microscopy of ¢29 DNA has revealed
that circular molecules are converted to linear
molecules by protease treatment (9, 13). From
these results, and from the observation that the
S value of single-stranded trypsinized ¢29 DNA
was essentially the same as that of untreated
single-stranded DNA, Hirokawa (9) has argued
that the protein associated with ¢29 DNA is
likely to be bound to the ends of the 29 DNA
molecules. Additional enzymatic evidence has
suggested that ¢29 DNA has short single-
stranded ends to which the protein is bound (9).

The development of trypsin and DNase re-
sistance in transfection with GA-1 DNA is very
much similar to that of $29 DNA observed by
Hirokawa (9). Hirokawa concluded from his
observations that the association of protein with
¢29 DNA is prerequisite to uptake of the DNA
by the competent cells. If this were true, one
would expect to find that untreated bacterio-
phage DNA competes more strongly with trans-
forming DNA than protease-treated bacterio-
phage DNA. This is not observed for GA-1
DNA. Therefore, other possibilities should be
considered, namely, that the protein bound to
GA-1 DNA either plays an essential role in the
intracellular development of bacteriophage or
protects the GA-1 chromosome from being de-
graded by cellular nucleolytic activity. If GA-1
DNA resembles the structure of ¢29 DNA in
that the association with protein is located at
the ends of the GA-1 DNA molecules, resistance
to protease activity will precede that to DNase
activity, since DNA enters competent B.
subtilis cells in a linear way, starting from one
end of the DNA molecule (22, 28).

As a consequeénce of trypsin treatment the
buoyant density of GA-1 DNA shifts to a
heavier position. The distribution profile of
untreated GA-1 DNA in CsCl density gradients
is symmetrical and equal to that of trypsin-
treated DNA. We interpret these results to
indicate that a constant amount of protein is
associated with a GA-1 DNA molecule. The
amount of protein binding to GA-1 DNA can be
estimated from the density shift to be about 13
x 10* daltons. If there is one protein molecule
bound to each end of the GA-1 DNA molecule,
the molecular weight of a protein molecule
binding to one end of GA-1 DNA would amount
to about 65,000, a value which is the same order
of magnitude as determined for the protein
associated with 29 DNA by Ortin et al. (13).
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