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The genomes of Bacillus subtilis phages ¢e, SPO1, and SP82 were compared
by DNA-DNA hybridization, analysis of DNA fragments produced by digestion
with restriction endonucleases, comparison of the arrays of peptides synthesized
during infection, and phage neutralization. DNA-DNA hybridization experiments
indicated that about 78% of the SP82 DNA was homologous with SPO1 DNA,
whereas 40% of the ¢¢ DNA was homologous to either SPO1 or SP82 DNA.
Agarose gel electrophoresis was used to compare the molecular weights of DNA
fragments produced by cleavage of SP82, SPO1, and ¢e DNAs with the restriction
endonucleases Hae III, Sal 1, Hpa 11, and Hha I. Digestion of the DNAs with
Hae 111 and Sal I produced only a few fragments, whereas digestion with Hpa II
and Hha I yielded 29 to 40 fragments, depending on the DNA and the enzyme.
Comparing the Hpa II fragments, 51% of the SP82 fragments had mobilities
which matched those of SPO1 fragments, 32% of the SP82 fragments matched
the ¢e fragments, and 34% of the SPO1 fragments matched the ¢e fragments.
Comparing the Hha I digestion products, 62% of the SP82 fragments had
mobilities matching the SPO1 fragments, 24% of the SP82 fragments matched
the ge fragments, and 22% of the SPO1 fragments matched the ¢e fragments.
Analysis of peptides by electrophoresis on one-dimensional sodium dodecyl
sulfate-polyacrylamide slab gels showed that approximately 70 phage-specific
peptides were synthesized in the first 24 min of each infection. With mobility and
the intervals of synthesis as criteria, 66% of the different SP82 peptides matched
the SPO1 peptides, 34% of the SP82 peptides matched the ¢e peptides, and 37%
of the SPO1 peptides matched the ¢e peptides. Phage neutralization assays using
antiserum to SP82 yielded K values of 510 for SP82, 240 for SPO1, and 120 for

de.

SP82, SPO1, and ¢e are members of a group
of large, hydroxymethyluracil-containing, viru-
lent bacteriophages that infect Bacillus subtilis
(11). Earlier studies demonstrated that the
phages of this group cannot be distinguished on
the basis of morphology, neutralization (2), or
the physical properties of phage DNA (sedimen-
tation coefficients, melting points, guanine-plus-
cytosine content, and buoyant densities [25]).
Slight differences were found in plaque mor-
phology (25) and in the efficiency of adsorption
or plating on certain mutant strains of B. subtilis
(27). The current genetic maps for these phages
are not identical (11), although only about one-
third of the total probable SP82 and SPO1 cis-
trons have been identified. The extent of hybrid-
ization of SPO1 DNA to SP82 DNA has not
been reported. However, hybridization experi-
ments using the DNA of phage 2C, another
member of this group, demonstrated that SPO1

and SP82 were 100% homologous with 2C,
whereas ge DNA was 83% homologous with 2C
(25).

Infections with SP82 and SPO1 have been of
particular interest with regard to the mecha-
nisms that regulate transcription. Analyses by
competition hybridization revealed the synthesis
of similar temporal RNA classes in cultures in-
fected with SPO1 (9) or SP82 (23). Modification
of the subunit composition of the B. subtilis
RNA polymerase has been shown to be a major
determinant of the specificity of transcription in
both infections (5-8, 17, 22, 23, 26). The polym-
erases isolated from SP82- and SPO1l-infected
cells appear to have the same subunit structure
and similar specificities of in vitro transcription
(12, 17).

In view of the increasing number of investi-
gations with SPO1 and SP82, additional studies
to determine the extent of the relatedness of
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these phages would be of value. The present
communication reports investigations which
compare SPO1 and SP82 and include ¢e, a more
distantly related phage of the same group. The
extent of relatedness of these three phages has
been examined by means of DNA-DNA hybrid-
ization, by comparing the fragments produced
by digestion of phage DNAs with four restriction
endonucleases, by comparing the patterns of
peptides synthesized during infection by each
phage, and by determining the rates of neutral-
ization by SP82 antiserum.

MATERIALS AND METHODS

Phage growth. The methods used for the growth
and lysis of Bacillus subtilis 168 try~ have been de-
scribed (13). The time of lysis in the defined medium
used for protein labeling was 45 min for SP82, 50 min
for SPO1, and 85 min for ¢e. All three phages were
obtained from Charles R. Stewart.

Phage neutralization. The preparation of SP82
antiserum (19) and the determination of rate constants
for phage neutralization (1) have been described.

Digestion of phage DNA with restriction en-
donucleases. The procedures employed for purifica-
tion of phages and phage DNA, digestion of phage
DNA with restriction endonucleases Hae III, Sal I,
and Hpa II, agarose gel electrophoresis of DNA frag-
ments, ethidium bromide staining, and photography
of gels have been described (16). To digest DNAs with
Hha I (New England Biolabs, Beverly, Mass.), 1.5 ug
of phage DNA was incubated for 10 h at 37°C with 3
U of Hha I in 50 mM NaCl, 6 mM Tris (pH 7.5), 6
mM MgCl;, 6 mM B-mercaptoethanol, and 10 ug of
bovine serum albumin in a total volume of 100 pl.

Peptide analysis. Cultures (50 ml each) were
grown to a density of approximately 2 X 10° cells per
ml, irradiated with UV (13 ergs/mm? per s for 4 min
with gentle agitation), and incubated at 37°C for 5 min
before phage infection at a multiplicity of about 20.
This treatment was sufficient to decrease the synthesis
of host proteins by approximately 75% without chang-
ing the time of lysis. Labeling of phage-infected cells
with [®*S]methionine, the preparation of samples for
electrophoresis on one-dimensional sodium dodecyl
sulfate-polyacrylamide slab gels, and autoradiography
have been described (12). The identity of peptide
bands on autoradiograms was determined by lining up
peptides across the autoradiograms and, in some in-
stances, by superimposing autoradiograms.

Two-dimensional electrophoresis was performed by
the method of O’Farrell (18). Samples labeled with
[**S]methionine were prepared as described for one-
dimensional electrophoresis and diluted into the
O’Farrell lysis buffer before isoelectric focusing. Elec-
trophoresis after focusing was performed on 9-cm so-
dium dodecy! sulfate-polyacrylamide slab gels by using
a linear gradient of 7 to 15% acrylamide in 0.8% bis-
acrylamide; the procedure for autoradiography was as
described earlier (12). The identity of peptide spots on
the autoradiograms was determined by superimposing
the autoradiograms obtained from SPO1- and SP82-
infected cells, matching the spots, and comparing them
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with an autoradiogram of mixed SPO1- and SP82-
labeled peptides.

Isolation of 32POs-labeled SP82 DNA. A 5-ml
culture of SP82-infected B. subtilis grown in a phos-
phate-depleted medium (14) was labeled by the addi-
tion of 20 uCi of PO, (carrier-free; New England
Nuclear Corp.) per ml. Growth was stopped 25 min
later by the addition of ice and NaNj (final concentra-
tion, 0.01 M), and the cells were collected by centrif-
ugation. DNA was extracted as described earlier (14),
except that 1.25 mg of calf thymus DNA was added as
a carrier, and the preparation was digested with
RNAse (15 ug of RNAse A per ml and 15 U of RNAse
T1 per ml, incubated at 37°C for 30 min) after the
initial extraction.

DNA-DNA hybridization. The method of Crosa
et al. (3) was used with the following modification:
approximately 0.1 ug of sheared, denatured, **PO,-
labeled DNA was incubated at 65 or 70°C, as indicated,
with 150 ug of sheared, denatured, unlabeled DNA in
1 ml of 0.33 M NaCl-0.01 M Tris (pH 7.2) for 20 h.
Shearing was performed by sonic oscillation at maxi-
mum power for 3 min with the small probe of a
Branson model W140 sonicator and yielded DNA frag-
ments of 9 to 16S. The hybridization mixture was
cooled, and four 0.2-ml portions were withdrawn and
transferred to tubes containing 0.8 ml of buffer (0.38
M sodium acetate [pH 4.5], 0.125 mM ZnSO,, 0.188 M
NaCl, and 25 pg of sonically treated, denatured calf
thymus DNA per ml). A total of 1,000 U of S1 nuclease
(Miles Laboratories, Elkhart, Ind.) was added to each
of two samples; the other two samples were used to
determine the amount of input radioactivity. The sam-
ples were incubated at 50°C for 20 min, precipitated
with 1 ml of 10% trichloroacetic acid, 200 ug of yeast
RNA was added as carrier, and the precipitates were
collected on glass fiber filters. The filters were washed
with 30 ml of a solution of cold 5% trichloroacetic acid
containing 0.01 M Na,P,07, 0.004 M Na.PO,, and 100
pg of ATP per ml and dried, and the radioactivity was
determined in a scintillation counter. Control experi-
ments showed that the conditions used for digestion
with S1 nuclease resulted in the degradation of 99% of
single-stranded DNA and less than 5% of double-
stranded DNA.

RESULTS

DNA-DNA hybridization. Digestion with
S1 nuclease was selected as the method of meas-
uring the formation of DNA-DNA hybrids to
minimize error introduced by nonhybridized re-
gions of labeled, single-stranded DNA attached
to hybridized duplexes. As shown by several
investigators, for example, by Shenk et al. (21),
digestion with S1 nuclease removes single-strand
segments bounded by or attached terminally to
heteroduplex structures. Hybridizations were
performed under conditions of excess unlabeled
DNA, which yielded approximately 80% hybrid-
ization of added radioactivity in the homologous
reaction.

The reciprocal heterologous hybridizations
(i.e., labeled SP82 DNA versus unlabeled SPO1
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DNA, compared with labeled SPO1 DNA versus
unlabeled SP82 DNA) showed a variation of
approximately 10% (Table 1). The reason for
this variability is not known but, as discussed
below, it was not due to differences in the sizes
of the phage genomes. If the values for the
reciprocal hybridizations are averaged, it is seen
that at 65°C, 84% of the SPO1 and SP82 DNAs
hybridize, 50% of the ¢¢ DNA anneals with
SPO1 DNA, and 47% of the ¢e DNA hybridizes
with SP82 DNA. Hybridization reactions were
also incubated under more stringent conditions
(70°C) to reduce the amount of mismatching. At
this temperature, the amount of input radioac-
tivity binding in homologous hybridizations was
reduced by approximately 10%. The average hy-
bridization in heterologous reactions was ap-
proximately 78% for SPO1 and SP82, approxi-
mately 41% for SPO1 and ¢e, and approximately
38% for ¢pe and SP82. Reactions were not incu-
bated at temperatures above 70°C because of
the marked decrease in hybridization of homol-
ogous reactions (e.g., only 45% of the SP82-la-
beled DNA annealed to unlabeled SP82 DNA at
75°C).

DNA fragments produced by digestion
with restriction endonucleases. Digestion of
related DNAs with these enzymes detects
changes in single base pairs, provided that the
changes occur at sequences recognized by the
enzymes or occur at other sites to generate new
recognition sequences. Figure 1 is a photograph
of an agarose gel stained with ethidium bromide,
showing the fragments of DNA resulting from
the digestion of SP82, SPO1, and ¢e DNAs with
restriction endonucleases Sal I and Hae III.
Before digestion, the DNAs had approximately
the same molecular weights (Fig. 1, lanes g, h,
and i). However, these DNAs were fragmented
during purification and probably represent half-
molecules of about 4 X 107 to 5 X 10" molecular
weight. The enzyme Sal I cleaved at the se-
quence GTCGAC (the arrow shows the point of
cleavage) and produced four fragments from
SP82 (Fig. 1, lane a), five fragments from SPO1
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(Fig. 1, lane b), and two from ¢e (Fig. 1, lane c).
Digestion with the enzyme Hae III, which rec-
ognizes the sequence GGCC, produced five frag-
ments from SP82 (Fig. 1, lane d) and six frag-
ments plus two partially digested fragments
from SPO1 (Fig. 1, lane e). Six bands were
produced from ¢e (Fig. 1, lane f); when the
photographic negative was scanned, however, it
was apparent that band C was a doublet.

The sizes of fragments of SP82 produced by
Sal 1 and Hae III were determined previously,
and the fragments were ordered on a physical
map of the SP82 genome (15). The molecular
weights of the ¢e and SPO1 fragments (Table 2)
were estimated from their mobilities relative to
the mobilities of the SP82 fragments. It should
be noted that the molecular weights of the large
fragments cannot be determined accurately be-
cause these fragments migrate in the nonlinear
portion of a calibration curve derived by plotting
the mobilities of known markers as a function of
molecular weight (15).

The restriction endonuclease patterns shown
in Fig. 1 demonstrate that the DNAs of SP82,
SPO1, and ¢e contain different sequences, al-
though the molecular weights of some of the
fragments correspond. For example, the Hae A
and B fragments of SP82 are the same size as
the Hae A and B fragments of SPO1 DNA.
Similarly, the Sal B fragments of SP82 and
SPO1 are the same size, and the migration of
Sal D of SP82 matches that of Sal E produced
from SPO1. There is less apparent correlation
between the ¢e fragments and the SP82 or SPO1
fragments. Overall, these comparisons are not
particularly useful because Hae III and Sal I
produced few fragments and, as noted above, it
is difficult to determine accurately the molecular
weights of the larger fragments.

Digestion of SP82, SPO1, and ¢e DNAs with
restriction endonuclease Hpa II or Hha I pro-
duced a large number of fragments (Fig. 2).
Digestion with Hpa II, which cleaves at CCdG,
yielded 37 fragments from SP82 DNA, 29 frag-
ments from SPO1 DNA, and 40 fragments from

TaBLE 1. Hybridization of SP82, SPO1, and ¢e DNAs

% Hybridization with following source of unlabeled DNA“:

% Input radioactivity anneal-

ing in homologous hybridiza-

Source of [*P]- - .
DNA SP82 SPO1 Pe tions at:
65°C 70°C 65°C 70°C 65°C 70°C 65°C 70°C
SP82 100 100 80 50 40 80 66
SPO1 88 80 100 100 46 35 79 70
oe 44 35 53 100 100 81 68

¢ Hybridization reaction mixtures described in the text contained the following amounts of input radioactivity:
20,064 cpm of SP82 DNA, 18,039 cpm of SPO1 DNA, and 19,472 cpm of ¢e DNA. Data are expressed as percent
relative to homologous hybridization.



Fi6. 1. Agarose gel analysis of DNA fragments produced by digestion of 0.6 ug of SP82 DNA, 1.0 pg of
SPO1 DNA, or 0.8 pg of pe DNA with Sal I or Hae III. Photograph of an ethidium bromide-stained 0.35%
agarose slab gel, with the fragments lettered from top to bottom. DNA fragments produced by digestion with
Sal I: (a) SP82 DNA, (b) SPOI DNA, and (c) ¢ DNA. DNA fragments produced by digestion with Hae II: (d)
SP82 DNA, (e) SPOI DNA, and (f) pe DNA. Undigested controls shown in the last three lanes contained (g)
0.3 ug of SP82 DNA, (h) 0.7 ug of SPO1 DNA, and (i) 0.4 pg of pe DNA.
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TABLE 2. Molecular weights of fragments produced
by digestion of SP82, SPOI, and ¢e DNAs with Hae

IIT and Sal 1
Mol wt (x10°)
Frag Hae 111 Sall
ment
SP82 SPO1 e SP82 SPO1 ¢e
A 46 46 23.2 46 32 48
B 19.9 199 199 277 277 32
C 14.7 765 152° 112 152
D 4.78 6.6 6.3 41 106
E 4.13 5.1 5.1 4.1
F 1.6 2.65

¢ Fragment C produced during digestion of e DNA
was a doublet.

¢e DNA. Hha I cleaves at the sequence GCGC
and yielded 37 fragments from SP82 DNA, 37
fragments from SPO1 DNA, and 33 fragments
from ¢e DNA! It is obvious that each DNA
yielded a distinctive restriction pattern, thereby
providing an easy, convenient method of distin-
guishing SP82, SPO1, and ¢e.

The melecular weights of the SPO1 and ¢e
DNA fragments and the SP82 fragments pro-
duced by digestion with Hha I were estimated
by comparison with the mobilities of the SP82
fragments resulting from digestion with Hpa II
(data not shown). The molecular weights of the
latter were determined previously (15). Many of
the bands contain molecules of identical molec-
ular weight which arise from different regions of
the physical map. The possible explanations for
the presence of these bands have been discussed
previously (15; J. M. Cregg and C. R. Stewart,
Virology, in press). The number of copies in such
bands was crudely estimated by scanning the
photographic negative with a Joyce-Loebl den-
sitometer, determining the area under the peak
corresponding to each band, and dividing by the
molecular weight. Summation of the molecular
weights of the Hpa II fragments, including the
multiple copies, yielded a molecular weight of 9
x 107 for SP82, 9.3 x 107 for SPO1, and 9.3 X 10’
for ¢e. Very similar data were obtained by sum-
mation of the molecular weights of the Hha I
fragments. The molecular weight for SP82 DNA
agrees with estimates of genome size determined
by electron microscopy (10). The value for SPO1
agrees with the molecular weight determined by
summation of EcoRI* cleavage products (Cregg
and Stewart, Virology, in press); a slightly higher
value was reported by Talkington and Pero (24).

Tables 3 and 4 compare the pairs of phage
DNAs by listing the restriction fragments having
the same molecular weights (the fragments are
identified by the band numbers shown in Fig. 2).
Of the 37 SP82 fragments, 19 (51% of the total
number of fragments) produced by Hpa II can
be matched by mobilities with SPO1 fragments
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produced by digestion with this enzyme. Sum-
mation of the molecular weights of the matched
SP82 and SPO1 fragments, including multiple
copies, yielded a rough estimate of 4.4 X 107, or
approximately 48% of the total genome. Of the
29 SPO1 fragments 10 (or 34% of the total num-
ber of fragments) produced by digestion with
Hpa II matched the mobilities of ¢pe fragments
generated by digestion with Hpa II (Table 4);
the summated molecular weights of these
matched fragments were approximately 1.8 X
107 for SPO1, or approximately 19% of the ge-
nome. Similarly, 12 of the 37 SP82 fragments (or
32% of the total number) matched the mobilities
of e DNA fragments; the summated molecular
weight of the matched SP82 fragments was 1.7
% 107 or approximately 19% of the SP82 genome.
A parallel comparison of the Hha I bands (Table
4) shows that 23 of the 37 SP82 bands matched
the SPO1 bands (62% of the total number; 64%
of the molecular weight of the genome); 8 of the
37 SPO1 fragments matched the ¢e fragments
(22% of the total number of fragments; 8% of the
total molecular weight of the SPO1 genome);
and 9 of the SP82 fragments matched the ¢e
DNA fragments (24% of the total number and
18% of the total molecular weight of the SP82
genome).

The experiments described above on the ex-
tent of sequence homology and analysis by diges-
tion with restriction endonucleases do not pro-
vide information on the effect of differences in
base sequences on gene products. This question
was examined by paired comparisons of the pep-
tides synthesized during infection by using elec-
trophoresis on one-dimensional sodium dodecyl
sulfate-polyacrylamide slab gels and by compar-
ing the rates of phage neutralization.

Analysis of peptides synthesized during
phage infection. Earlier studies on the synthe-
sis of peptides in SPOl-infected cultures (16)
and more recent investigations of the infection
with SP82 (12) demonstrated that many proteins
are synthesized and that the patterns of gene
expression are complex.

Figures 3 to 5 present direct comparisons of
peptides synthesized during infection of B. sub-
tilis with SP82, SPO1, and ¢e. A total of approx-
imately 70 phage-specified peptides could be
detected in each infection under our conditions
of labeling, electrophoresis, and autoradiogra-
phy during the first 24 min of infection. This
accounts for approximately 70% of the estimated
coding capacity of these phages. It should be
noted that few or no additional peptides were
synthesized after 24 min of infection with SP82
(W. R. Hiatt, Ph.D. thesis, University of Wash-
ington, Seattle, 1977) and SPO1 (Downard, un-
published data), but this point was not investi-
gated for ¢e. Additional peptides could be pro-

B. SUBTILUS BACTERIOPHAGES
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TABLE 3. Molecular weights of matching fragments produced by digestion of SP82, SPOI, and ¢e DNAs
with Hpa IT
SP82 Copies SPO1 Copies h(‘)?}(;:)t SP82 Copies ¢e Copies L('g)llg)t SPO1 Copies ¢e Copies l:r::)llov:)t
2 1 2 2 5.1 12 1 9 2 2.07 6 2 3 2 2.72
4 1 4 1 3.85 15 2 15 1 1.72 9 1 9 2 2.07
5 1 5 1 3.18 16 1 16 1 1.53 12 2 15 1 1.72
10 1 7 1 2.67 21 1 22 3 1.08 13 1 16 1 1.53
12 1 9 1 2.07 25 2 26 2 0.9 19 5 26 2 0.90
13 1 10 2 1.93 28 5 29 3 0.74 21 6 29 3 0.74
15 2 12 2 1.72 30 4 30 4 0.65 23 2 33 2 0.59
16 1 13 1 1.53 31 4 33 2 0.59 25 2 35 2 0.51
19 3 14 3 1.23 32 3 35 2 0.51 26 6 36 1 0.47
20 1 16 2 1.11 33 8 36 1 0.47 27 2 39 1 0.42

24 1 18 6 0.92 M 3 38 2 0.45
25 2 19 5 0.90 35 1 39 1 0.42

26 4 20 2 0.84
28 5 21 6 0.74
31 4 23 2 0.59
32 3 25 2 0.51
33 8 26 6 0.47
35 1 27 2 0.42
37 [ 29 6 0.36

TABLE 4. Molecular weights of matching fragments produced by digestion of SP82, SPO1, and ¢e DNAs

with Hha I

SP82 Copies SPO1 Copies ’gﬂo‘;’)‘ SP82 Copies ¢e Copies ’:‘;’1‘0‘:’; SPO1 Copies ¢e Copies '(“2’1‘0‘2)‘
1 1 1 1 7.2 5 1 6 1 418 18 4 15 1 115
2 1 2 1 58 15 3 13 2 137 2 2 16 1 105
3 1 3 1 478 18 3 14 2 119 21 1 17 4 09
4 1 4 1 44 20 2 16 1 106 29 1 2 1 057
6 2 6 2 343 22 2 17 4 09 31 3 2 3 054
7 1 71 329 29 2 24 6 062 34 2 29 2 045
9 1 8 1 315 31 1 25 1 057 35 1 31 1 039
v 1 10 2 22 3 1 31 1 039 36 4 32 1 036
B3 2 12 2 169 36 5 32 1 036

4 1 14 1 1.59

20 2 20 2 1.05

2 2 21 1 09

23 4 22 3 089

24 2 24 2 0719

27 2 2 2 067

28 1 271 1 0.64

30 2 28 3 060

31 1 2 1 057

32 2 32 3 050

33 1 33 1 0.47

3% 1 35 1 0.39

3 5 36 4 036

37 2 37 2 033

duced at later times in the latter infection since,
under our conditions of growth and infection,
this phage had a longer lytic cycle than the other
two. A phage-specific peptide was defined as a
radioactive band which appeared after addition

of phage and had an electrophoretic mobility
different from that of host peptide, or a peptide
which showed an increase in labeling after infec-
tion. This definition would include any host
peptide whose synthesis is induced by phage-

Fic. 2. Agarose gel analysis of DNA fragments produced by digestion of 1.1 pg of SP82 DNA, 1.7 ug of
SPOI1 DNA, or 14 ug of ¢ DNA with Hpa II or Hha I. Photograph of an ethidium bromide-stained 0.7%
agarose slab gel, with the fragments lettered from top to bottom. DNA fragments produced by digestion with
Hpa II: (a) SP82 DNA, (b) SPO1 DNA, and (c) p¢ DNA. DNA fragments produced by digestion with Hha I:

(d) SP82 DNA, (e) SPO1 DNA, and (f) e DNA.
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regulatory proteins, although it should be noted
that UV irradiation was used to decrease host
transcription. The assumptions made in this
type of analysis have been discussed elsewhere
(12).

Overall, the patterns of peptides synthesized
by cells infected with SP82 or with SPO1 (Fig.
3) have many similarities and some distinct dif-
ferences. One of the more striking differences is
the apparent synthesis of an intensely labeled
band (marked with an arrow in the right margin)
in the extracts from SPOl-infected cells very
early in infection and the continued synthesis of
this peptide throughout the time of sampling;
the extracts from SP82-infected and ¢e-infected
cells (Fig. 4 and 5) do not contain this peptide.
A second arrow at the bottom of Fig. 3 indicates
another SPO1 peptide not produced by SP82-
infected cells. Synthesis of this early peptide
diminished markedly by the 6 to 9 min interval
of labeling. A ¢e peptide of similar size and
interval of synthesis can be seen in Fig. 4. Ex-
amination of Fig. 3 yielded an estimate that
approximately 46 of the total 70 SP82-specific
peptides could be matched with SPO1 peptides
with respect to mobilities and intervals of syn-
thesis. Thus, in this one-dimensional compari-
son, 66% of the peptides produced by SPO1 and
SP82-infected cells were identical. The approxi-
mate molecular weights of the identical peptides
could also be summated and compared with the
total molecular weight of all of the SP82 peptides
detected. When this was done, a slightly higher
value (74%) was obtained (2.5 X 10°/3.4 X 10°).

Similar comparisons of peptides synthesized
during infection by SP82 and ¢e are shown in
Fig. 4; Fig. 5 compares peptides produced by
SPO1-infected and ¢e-infected cells. Examina-
tion of Fig. 4 gives the estimate that 23 of the 67
peptides (34%) produced by SP82-infected cells
were synthesized during the same interval and
had identical mobilities with ¢e-specific pep-
tides. The summated molecular weight of the
identical peptides is 44% (1.4 X 10°/3.2 X 10°) of
the total molecular weight of the 67 SP82-spe-
cific peptides. Two of the more striking examples
of peptides specific to ¢e-infected cells are
marked with arrows in the right margins of Figs.
4 and 5; these peptides were not produced by
either SP82 or SPO1l-infected cells. Examination
of Fig. 5 provides the estimate that 23 of the 62
SPO1-specific peptides (or 37%) had identical
mobilities and intervals of synthesis with ¢e
peptides. The summated molecular weight of
the identical peptides is 47% (1.4 X 10%/3.0 X
10°) of the total molecular weight of the 62
SPO1-specific bands. It should be mentioned
that about 10 peptides (or 14%) seem to be
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identical in all three phage infections. Included
in this number is the major phage structural
protein of SP82 (12).

In comparing the patterns shown in Fig. 3 to
5, phage peptides having the same mobility and
appearing during the same portion of the lytic
cycle were considered “identical,” regardless of
the intensity of labeling; all other peptides were
categorized as “different.” It is recognized that
two-dimensional gel analysis would provide a
more reliable assessment of identity and that
bands that appear identical in one-dimensional
gels can represent different proteins. A single
comparison was made by two-dimensional gel
electrophoresis (data not shown) of two samples
analyzed in the one-dimensional slab gel whose
autoradiogram is shown in Fig. 3. This compar-
ison showed that the extract of cells labeled 21
to 24 min after infection with SPO1 contained a
total of 112 labeled peptides; the parallel SP82
sample contained 125 labeled peptides. The last
two lanes of Fig. 3 had 66 and 56 bands for SPO1
and SP82, respectively. The percentage of iden-
tical peptides detected by two-dimensional elec-
trophoresis was 42% (identical peptides/total
SP82 peptides = 53/125), and the percentage in
the one-dimensional gel was 71% (40/56). Thus,
a two-dimensional analysis suggested less simi-
larity between SP82 and SPO1 than analysis by
the one-dimensional gel.

Phage neutralization. Neutralization by
phage antisera measures only a few specific pro-
teins. Nevertheless, this method has been used
for analyzing relationships between phages.
Neutralization rate constants (K) were deter-
mined as described by Adams (1), using antise-
rum prepared against SP82. The values for K
were 510 for SP82, 240 for SPO1, and 120 for ¢e.
These results cannot be used directly as an
estimate of relatedness, but the fact that SPO1
and ¢e were neutralized by antiserum to SP82 is
of interest. It is known that some very closely
related phages (e.g., T3 and T7) are neutralized
inefficiently by the heterologous antiserum (1).

DISCUSSION

The amount of homology between the ge-
nomes of SP82, SPO1, and ¢e was estimated by
DNA-DNA hybridization, by digestion with re-
striction endonucleases, and indirectly by com-
parison of phage proteins synthesized during
infection. Each of these methods has specific
limitations, and quantitation of data derived
from analyses with restriction endonucleases
and peptide comparisons is difficult. The results
(summarized in Table 5) obtained from DNA-
DNA hybridization experiments indicated that,
at the more stringent conditions, an average of
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F16. 3. Comparison of peptides synthesized during the infection of B. subtilis by SPO1 and SP82. Autora-
diograph of a sodium dodecyl sulfate-polyacrylamide slab gel (14 to 20% exponential polyacrylamide gradient)
showing uninfected host peptides (U) and peptides synthesized during infection with SPO1 (1) and SP82 (2).
The intervals of pulse-labeling with [*S]methionine are indicated. Approximately 100,000 cpm of radioactivity
was applied to each well, and the film was exposed for 9 days. Molecular weights were estimated from the
mobilities of subunits of RNA polymerase isolated from SP82-infected B. subtilis. The arrows in the right
margin indicate peptides described in the text.

733



734 LAWRIE, DOWNARD, AND WHITELEY dJ. VIROL.

Time after infection (min)

mol
wt ™ L
" -
x]o3 3
U2E2E2CE
155 >

———

F16. 4. Comparison of peptides synthesized during the infection of B. subtilis by SP82 and ¢e. Autoradi-
ograph as in Fig. 3 showing uninfected host peptides (U) and peptides synthesized during infection with SP82
(2) and ¢e (E).
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F1G. 5. Comparison of peptides synthesized during the infection of B. subtilis by SPO1 and ¢e. Autoradi-
ograph as in Fig. 3, showing uninfected host peptides (U) and peptides synthesized during infection with
SPOI1 (1) and ¢e (E). Film exposed for 5 days.
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TABLE 5. Summary of estimated degree of
relatedness of SP82, SPO1, and ¢e

Restriction

Phage-
DNA-DNA .
Phage compar- 'y bridiza.  Frag- s"egg::,,
tions® (%) ments° Enzyme pe;:%
%) )
1. SP82 and 78 48 Hpa Il 74
SPO1 64 Hha 1
2. SPO1 and ¢e 41 19 Hpa 11 47
8 Hha 1
3. SP82 and ¢e 38 19 Hpa 11 44
18 Hha 1

% Values indicate average of the reciprocal hybridization
values at 70°C shown in Table 1.

® Values indicate summated molecular weights of matching
peptides relative to the total molecular weight of all SP82
peptides (comparisons 1 and 3) or of all SPO1 peptides (com-
parison 2).

¢ Values indicate summated molecular weights of matching
fragments relative to SP82 DNA (comparisons 1 and 3) or
SPO1 DNA (comparison 2).

78% of SP82 and SPO1 sequences formed hybrid
duplexes, 38% of pe DNA was homologous with
SP82, and 41% of pe DNA was homologous with
SPO1 DNA. These values were obtained by
using a method which removed single-stranded
regions from double-stranded duplexes.

The extent of relatedness between SP82 and
SPOL1 indicated in the present study was less
than that suggested by the earlier measurements
of Truffaut et al. (25). They reported that SP82
and SPO1 DNAs were 100% homologous with
the DNA of phage 2C, implying that all or most
of the base sequences in SPO1 and SP82 are
homologous. One explanation for this discrep-
ancy could be that the genome of 2C, the labeled
probe used by Truffaut et al. (25), is smaller
than that of SPO1 and SP82. However, 2C DNA
was reported to have the same sedimentation
coefficient as SPO1 or SP82 DNA (25). A more
likely explanation is that the hybridization
method used earlier, i.e., annealing of labeled
DNA to filter-bound DNA (4), yielded high val-
ues because single-stranded sequences attached
to hybridized regions were not removed. This
explanation receives support from the observa-
tion (data not shown) that annealing the labeled
SP82, SPO1, and ¢¢ DNAs used in the present
hybridization experiments with filter-bound
DNAs yielded values of 90 to 100% in the het-
erologous hybridizations. Similar differences in
hybridization values using the two methods have
also been reported for bacterial DNAs (20).

Of the three methods employed to evaluate
the relatedness of the phages, DNA-DNA hy-
bridization indicated the highest degree of ho-
mology. As stated earlier, digestion with S1 nu-
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clease is an efficient means of removing single-
stranded regions from duplex molecules. How-
ever, this enzyme is less efficient in removing
single mismatched base pairs (21). It is possible,
therefore, despite the use of a higher hybridiza-
tion temperature and digestion with the nu-
clease, that the heterologous duplexes contained
mismatched base pairs and that the extent of
relatedness of SPO1 and SP82 is actually lower
than indicated by the present hybridization data.

Differences in single base pairs between re-
lated DNAs can be detected by digestion with
restriction endonucleases, provided that the dif-
ferences alter or generate sequences recognized
by the endonucleases. It is important to use
many restriction endonucleases for this type of
analysis so that changes at many sites can be
detected. Only four endonucleases were used in
the present study, because few enzymes have
been found to date which give complete diges-
tion of DNAs containing hydroxymethyluracil
in place of thymine. The relatedness of the three
phages (Table 5) was estimated by determining
the number of fragments (produced by either
Hpa 11 or Hha 1) having identical mobilities in
agarose gels and then calculating the total mo-
lecular weight of the matched fragments relative
to either SP82 or SPO1 DNA. Clearly, changes
in single base pairs might result in large differ-
ences in size and number of fragments produced
by the endonucleases, thereby exaggerating dif-
ferences between related DNAs and leading to
low estimates of relatedness.

Estimates of relatedness based on compari-
sons of phage-specified peptides produced values
which were intermediate between those ob-
tained by DNA-DNA hybridization and by anal-
ysis with restriction endonucleases. Synthesis of
approximately 70 phage-specific polypeptides
was detected under our conditions of growth,
infection, and labeling of B. subtilis after infec-
tion with any one of the three phages. As shown
in Table 5, the 46 matching peptides between
SP82 and SPO1 account for about 74% of the
total molecular weight of detected SP82 pep-
tides. Similar comparisons with the 23 matching
peptides between SP82 and ¢e or SPO1 and ¢e
show that these peptides amount to 44 and 47%
of the detected SP82 and SPO1 peptides, re-
spectively. Only peptides having identical mo-
bilities and intervals of synthesis as determined
by electrophoresis on one-dimensional sodium
dodecyl sulfate-polyacrylamide slab gels were
defined as “matching.” It might be expected that
a different estimate of relatedness would be ob-
tained with another definition of identity, for
example, by using two-dimensional gels. A single
comparison did, in fact, indicate a greater diver-
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sity between SP82 and SPO1 than was suggested
by the one-dimensional electrophoretic analysis.
However, it is not certain that a more sensitive
method of separating the peptides would provide
a better estimate of relatedness, since a change
in a single amino acid could alter the mobility
without affecting the function of a peptide. It is
significant that a large number of peptides seem
to be identical by both one- and two-dimensional
analysis.

Despite the differences in levels of relatedness
estimated from the three types of comparisons,
Table 5 shows that the estimates appear inter-
nally consistent. All three measurements indi-
cated that SP82 and SPO1 are related to a
significantly greater extent than SPO1 and ¢e or
SP82 and ¢e. It would be of interest to determine
whether data obtained in other comparisons
(e.g., genetic maps, studies of complementation,
DNA sequencing, electron microscopy of heter-
oduplexes, transcriptional maps, electrophoretic
analysis of phage proteins, etc.) would be con-
sistent with these estimates of relatedness.
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