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Abstract. Bacteriophage MB78 is a virulent phage of Salmonella typhimurium. The viral
DNA is 42 kb in size and seems to be circularly permuted. We show that viral DNA
replication is through concatemeric DNA formation which is subsequently converted into
full length DNA through headful packaging. A restriction map of MB78 DNA for six
restriction endonucleases e.g. BgIII, PvuII, ECORI, ClaI, SalI and SmaI has been
constructed. The yield of certain fragments in less than molar amount is explained in terms
of permutation and the headful mechanism of packaging. The packaging site (pac site) has
been suggested.
Keywords. Bacteriophage M B78; Salmonella phage; restriction map; DNA packaging;
'pac' site.

1. Introduction
Bacteriophage MB78 isolated in our laboratory (Joshi et al 1982) is one of the few
virulent phages of Salmonella typhimurium. It is morphologically, serologically and
physiologically different from other virulent and temperate phages of the same host.
The phage MB78 possesses many interesting properties. It cannot grow on
rifampicin-resistant mutants of the host but can be helped to some extent by phage
P22 (Verma and Chakravorty 1985). Further, it restricts the development of other
Salmonella phages. The physical characterization and mapping of the phage DNA
have been reported in this communication, which would help in the understanding
of the interaction of the MB78 phage with its host and other viruses at the
molecular level.
2. Materials and methods
2.1 Bacterial and phage strains
S. typhimurium (LT2) and the clear mutant of phage P22 (Cl) were originally
obtained from Μ Levine of the Department of Human Genetics; University of
Michigan, Ann Arbor, Michigan, USA . The phage MB78 was isolated in our
laboratory (Joshi et al 1982).
*Corresponding author.
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2.2 Restriction endonucleases, radiochemicals and fine chemicals
Restriction endonucleases, like Eco RI, BglII, PvuII, HindIII, SalI, SmaI and ClaI
were purchased from Pharmacia United Limited, Bangalore, India, New England
Biolab, USA, Bethesda Research Laboratories, USA and the CSIR Centre for
Biochemicals. One kb ladder was obtained from Bethesda Research Laboratory
USA. [3H] thymidine, γ-[32P] ATP, α-[32P] dCTP, 32PO4 (carrier-free) were
obtained from the Bhabha Atomic Research Centre, Bombay, and Amersham, UK.
All other chemicals used were either of analytical or molecular biology grade.
2.3 Growth media and preparation of phages
The S. typhimurium cells were grown in M9 and M9CAA media (Smith and Levine
1964). The phages were propagated, purified and the DNA was isolated as
described earlier (Verma et al 1986). [32P ] and [3H] labelled phages were prepared
as described by Botstein (1968).
2.4 Nuclease digestions
Digestion of purified DNA with restriction endonucleases was carried out according
to the instructions of the supplier. All digests were heated at 65° C for 5 min and
immediately cooled on ice just prior to loading on agarose gels.
2.5 Agarose gel electrophoresis
Agarose (0·5 and 0·8% horizontal slab gels, 20 × 15 cm) were prepared in buffer (pH
8·2) containing 90 mM Tris base, 90 mM boric acid and 2·5 mM EDTA.
Electrophoresis was carried out at 100 volts for 8 h at room temperature. Reaction
mixtures to be electrophoresed were mixed with 1/10 volume of a solution
composed of 0·5% bromophenol blue, 0·05 Μ EDTA and 10% glycerol. To visualize
the DNA fragments, the gels were soaked in electrophoresis buffer containing
ethidium bromide (1 µg/ml) and photographed with a polaroid land camera using
an orange filter and polaroid type 667 film.
In some cases the restriction fragments were eluted from the gels by the freeze
squeeze method (Thuring et al 1975), further purified and digested with other
restriction endonucleases and analysed as above. Molecular weights of fragments
were estimated from the mobilities of fragments after comparison with the
mobilities of DNAs of known sizes. The convention used by Smith and Nathans
(1973) was used to name the DNA fragments generated by different restriction
endonucleases.
2.6 Southern blotting and DNA-DNA hybridization
[32P] labelled probes were prepared to a very high specific activity (~108 cpm/µg)
following the method of Rigby et al (1977). [32P] and [3H] labelled phage DNAs
were isolated as reported earlier (Verma et al 1986). DNA from the gels after
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denaturation and neutralization was transferred onto the nitrocellulose filters
following the technique of Southern (1975) and hybridized according to Denhardt
(1966). At the end of hybridization the filters were removed, washed under stringent
conditions, dried and either counted in the LKB Rackbeta liquid scintillation
counter or exposed to X-ray films.
2.7 Preparation of lysate for sedimentation analysis
Wild type LT2 cells were grown in M9 medium (Smith and Levine 1964). When the
cells reached a density of 2·5×108 /ml they were infected with MB78 at a
multiplicity of infection (m. o. i.) of 10. After 20 min, the infected cells were labelled by
incubating for 2 min with [3H] thymidine (~10–20 μCi/ml; specific activity
18·8 Ci/mmol). The labelling was stopped by adding an excess of cold thymidine
(2 mg/ml). Samples (0·5 ml) were withdrawn at desired times and lysed by adding an
equal volume of lysis mixture containing 0·1 Μ Tris-HC1, pH 8; 0·01 Μ EDTA;
0·01 Μ sodium azide, 20 µg/ml lysozyme (freshly prepared in 0·25 Μ Tris-HCl, pH
8) as described by Botstein (1968).
For confirming the formation of concatemeric DNA and determining the size of
the concatameric DNA, lysates were also prepared by repeated freezing (in liquid
nitrogen) and thawing (at 50° C) of the infected cells.
2.8 Sucrose density gradient centrifugation
Labelled phages or infected cell lysates were analysed by velocity sedimentation in
neutral as well as alkaline 5–20% (w/v) sucrose gradients. Gradients were prepared
following either the compositions described by Ray et al (1984) or Botstein (1968).
According to Ray et al (1984) the sucrose solutions were made in 0·02 Μ Tris-HCl
pH 7·6; 0·01 Μ EDTA and 1 Μ NaCl. Following the method of Botstein (1968) for
alkaline sucrose gradient the sucrose solutions were prepared in 0·01 Μ EDTA 1 Μ
NaCl and 0·1 % Sarkosyl and the pH was adjusted to 12·1 with 10 N NaOH. For
neutral sucrose gradients the composition of the solution was the same except that
the pH was adjusted to 7·6 with 0·02 Μ Tris-HCl. Gradients (4·5 ml) were prepared
in nitrocellulose tubes over a cushion of 70% Angio Conray in 80% sucrose. Lysate
(100 μl) was loaded on the gradient 45 min prior to ultracentrifugation at
30,000 rpm for 2h at 15°C in Beckman SW 50·1 rotor. Fractions (4 to 5 drops)
were collected on whatman 3 MM liters as described by Botstein (1968) and the
radioactivity was measured in the LKB Rackbeta liquid scintillation spectrometer.
In some experiments, fractions (150 μl) were collected in tubes and precipitated with
cold 10% trichloroacetic acid. The precipitates were collected on Whatman GF/A
filters, washed with 5% cold trichloroacetic acid followed by 70% alcohol, dried
and the radioactivity measured. The molecular weights of mature phage DNA and
replicative intermediates were estimated from their relative positions in the gradient
at the end of the run, using [32P] labelled P22 or MB78 DNA as markers as
described by Sengupta et al (1985).
2.9 Deproteinization of fast sedimenting complex
Deproteinization of the fast sedimenting complex was carried out by treatment
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with proteinase Κ. For this the fast sedimenting complex was dialyzed against
10 mM Tris-HCl pH 7·8 containing 5 mM EDTA for 15 h at 4°C. The dialyzed
sample in the sample buffer was then treated with proteinase Κ (500 µg/ml) for 12 h in
the presence of 0·5% sodium dodecyl sulphate. Care was taken so that DNA was not
subjected to any shearing force.

3. Results
3.1 Restriction enzyme analysis
To characterize MB78 DNA and to facilitate physical mapping, purified phage
DNA was digested with different restriction enzymes. Results of such digestion
(figure 1) revealed that both BglII and PvuII produced fragments of two sizes only
(figure 1, lanes 1 and 2). Experiments with double digestions (figure 2) confirmed

Figure 1. Restriction endonuclease digestion pattern of MB78 DNA.
MB78 DNA (2 µg) was digested with various restriction endonucleases for 3 h at 37°C
and the digestion products were analysed on 0·7% agarose gel. Lanes 1–7 represent the
digestion patterns obtained with BglII, PuvII, EcoRI, SalI, ClaI, SmaI and Hind III
respectively: Lane 8 1 kb ladder (BRL).
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Figure 2. Agrose gel electrophoresis of MB78 DNA after digestion with either PvuII
alone or in combination with other enzymes.
MB78 DNA (2 µg) was digested with PvuII and other restriction endonucleases at 37°C
for 3h and analysed on 0·7% agarose gel. (1) EcoRI; (2) PuvII + EcoRI; (3) SalI; (4)
SalI + PvuII; (5) ClaI; (6) PvuII + ClaI; (7) SmaI; (8) PuvII + SmaI; (9) SalI + SmaI;
(10) 1 kb ladder (BRL).

that PvuII has two sites, one in EcoRI A and the other in EcoRI D (compare lanes
1 and 2, figure 2). Enzymes, such as EcoRI, SalI, SmaI and HindIII produced some
fragments which are not in equimolar amounts (figure 1). Such fragments as EcoRI
G, SalI E, SmaI F and HindIII Β and Ε will be referred to as submolar fragments.
EcoRI Ε seemed to be a doublet from fragments which was confirmed from other
experiments (data not provided).
3.2 Physical map of MB78 DNA
A physical map
ClaI, SalI and
determined from
and digestion of

of phage MB78 DNA was constructed for BglII, PvuII, EcoRI,
SmaI (figure 3). The arrangement of various fragments was
the analysis of fragments after partial digestion, double digestion
isolated fragments with other enzymes. First of all, a restriction
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Figure 3. A circular physical map of MB78 genome
The construction of the maps has been described in the text. The map has been drawn
to scale. The packaging initiation (pac) site and the direction of packaging (counter
clockwise) are also indicated. The dotted line represents the 'pac' initiation site and the
arrow indicates the direction of packaging.

map of MB78 DNA for BglII, PvuII EcoRI and ClaI was constructed which was
later used as a reference map for assigning the positions of other restriction enzyme
fragments. For confirmation, isolated purified fragments were nick translated and
used as probes to hybridize with different restriction endonuclease digested
fragments. Results of a few typical experiments have been presented. When nick
translated EcoRI D fragment was hybridized with different endonuclease digestion
fragments it hybridized with EcoRI D, ClaI B, C and H, and SmaI A (figure 4a).
Similarly EcoRI F hybridized with EcoRI F, ClaI Ε and SmaI Β and C (figure 4b).
EcoRI J hybridized with EcoRI J, ClaI C and SmaI A (figure 4c). When labeled
ClaI A was used as a probe, it hybridized with EcoRI Α, Β and E, ClaI A and SmaI
D, Ε and G (figure 4d). When ClaI F was used as probe it hybridized with EcoRI
SalI D, SmaI C and ClaI F (figure 4e). A large number of similar experiments
were carried out to confirm the physical map. When submolar fragments were used
as probes the results yielded much more information which has been described
under location of 'pac' site.
3.3 Circular permutation in MB78 DNA and location of 'pac' site
While constructing a physical map of MB78 DNA, terminal labelling with γ-[32P]
ATP or digestion with Bal31 was carried out to identify the end fragments of DNA.
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Figure 4. Hybridization of EcoRI D, F, J and ClaI A and F with different restriction
fragments.
MB78 DNA (2 µg) was digested with different restriction endonucleases, EcoRI, ClaI
and SmaI. The digested samples were loaded in five similar sets, electrophoresed and
Southern blotted as mentioned under 'materials and methods'. The blotted samples were
hybridized with nick-translated restriction fragment e.g. either EcoRI D or EcoRI F etc., as
shown at the bottom of the figure. The autoradiogram of the gel after hybridization is
shown in the figure. The bands hybridized have been marked.

When 5' end-labelled MB78 DNA was digested with any of the enzymes HindIII,
SalI, SmaI and ClaI, run on agarose gel and autoradiographed, the submolar
fragments of these enzyme digests were heavily labelled, suggesting that the
submolar fragments were at the ends (figure 5B). Besides the submolar fragments,
some other fragments were also moderately labelled which suggested that the DNA
populations were not homogeneous as far as their termini are concerned and those
moderately labelled fragments were at the ends of some molecules which could have
arisen as a result of circular permutation. As a control, when λ DNA which is not
circularly permuted was digested after 5' end labelling it did not show any other
fragment labelled except the end fragments (data not provided). Further, when
MB78 DNA treated with Bal31 for 45 min, was digested with different restriction
enzymes, HindIII Β and E, SalI Β and E, and SmaI A, C and D disappeared
completely and the intensity of some of the other fragments decreased considerably
(figure 5A). This result also suggested that the DNA population was not
homogeneous with respect to their termini. In other words, phage MB78 DNA is
circularly permuted. The preferential loss in the intensities of only some of the
fragments rather than all of them simultaneously suggested that the permutation in
phage MB78 DNA is restricted. If the DNA is randomly permuted, then all
fragments should have an equal probability to be at the end and the relative
intensities of fragments produced by restriction enzyme cleavage of Bal31 treated
DNA should have remained unaltered. The restricted permutation in phage MB78
DNA explains the presence of submolar bands in complete digests of some of the
restriction enzymes (figure 1).
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Figure 5. Determination of the ends of MB78 DNA.
MB78 DNA (5 µg) was labelled at 5' ends with γ-[32P] ATP and T4 polynucleotide
kinase and in another case 20 µg of MB78 DNA (unlabelled) was treated with Bal 31 at
30°C for 45 min. After end labelling or Bal 31 treatment as the case may be, the DNA
samples were digested with restriction endonucleases and loaded in an alternate fashion on
0·7% agarose gel. After electrophoresis the gel was stained with ethidium bromide to
locate or identify the missing fragments, if any. It was then dried and exposed to X-ray film
for autoradiography.
(a) Ethidium bromide stained gel.
Lanes 1 and 2 HindIII; lane 3 and 4 SalI; lane 5 and 6 SmaI; lane 7 and 8 ClaI; lanes 1,
3, 5 and 7 show the digestion patterns of end labelled MB78 DNA and lanes 2, 4, 6 and 8
show the digestion patterns of Bal 31 treated MB78 DNA.
(b) Autoradiogram of the gel shown in a.
It is to be noted that only lanes 1, 3, 5 and 7 which represent the results of end labeled
DNA could be seen.

3.4 Location of 'pac' site
As discussed before, phage MB78 DNA upon digestion with certain enzymes always
produced some fragments in submolar amounts such as EcoRI G, SalI E, HindIII Β
and Ε and SmaI F (figure 1). From the reports in the literature (Jackson et al 1978;
Johnson and Schilievert 1983; Sengupta et al 1985; Guidolin and Manning 1988) it
was assumed as a working hypothesis that these submolar fragments come from the
first piece of DNA to be packaged ('pac' fragment) or the last piece of fragment
which depends on headful packaging. The packaging ends are bounded by the 'pac'
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site at one end and restriction site at the other end. These fragments originate from
the well-defined fragments as a result of limited circular permutation. In other
words these submolar fragments are the subsets of well-defined fragments. No such
anomaly is reported in the case of λ DNA (Thomas and Davis 1974) which is not
circularly permuted. According to the working hypothesis stated above all such
submolar fragments should come from one end of the DNA molecule which then
should hybridize with each other and also with the fragments of which they are a
part. To test this directly, all these submolar fragments were isolated individually
and used as a probe to find out the hybridization pattern. For example, when
EcoRI G was used as a probe it always hybridized with EcoRI E, of which it is a
part and to all the submolar fragments produced by other enzymes and the
fragments of which these submolar fragments are a part (figure 6). To test whether
EcoRI G is really a part of EcoRI E, EcoRI Ε was also used as a probe and it was
found to hybridize with all those fragments with which EcoRI G hybridized (figure
6). Since EcoRI Ε is a doublet, it hybridized with some additional fragments
confirming again that EcoRI Ε is a doublet (figure 6). When similar experiments
were carried out with other submolar fragments, results were in accordance with the
above hypothesis (data not given).
Further, as reported by Guidolin and Manning (1988) a smeared signal was
observed when submolar fragments were used as probes. This suggested that these

Figure 6. Hybridization of EcoRI G and Ε fragments with different restriction fragments.
Experimental conditions were as described for figure 4. except digestion with SmaI was
also carried out in addition to other enzymes and either EcoRI G subset (a) of EcoRI Ε
(subset (b)) were used as probes after nick translation.
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fragments are located near the origin of packaging in contrast to the fragments used
as probes in figure 5. Those fragments must be located well away from the origin of
packaging.
In the light of the above observation the location of the 'pac' site was determined
as shown in figure 3. The analysis of the results presented in figure 6 and of a
number of similar experiments (data not presented) revealed that submolar
fragments always hybridized with a number of other fragments in their vicinity
located in the counter clockwise direction and not clockwise direction (see the
physical map; figure 3). This observation suggested that the mature phage length
DNA is more than genomic length and the direction of packaging is counter
clockwise; as a result, some of these fragments also became the end fragments of a
certain population of DNA molecules.
3.5 Replicative intermediates
All the above observations suggested that phage MB78 has circularly permuted
DNA and such permutation is not random but restricted. Further, such
heterogeneous DNA population can arise through headful packaging of DNA from
a concatemeric DNA. Thus formation of concatemeric DNA is a prerequisite for
such packaging. To study whether MB78 DNA synthesis actually proceeds through
concatemer formation or not, the intermediates of DNA synthesis were investigated.
The cells in the log phase were infected with phage MB78 at an m.o.i. of 10 and after
20 min of infection the cells were pulse labelled with [3H] thymidine for 2 min. The
labelled DNA was then chased for different times, the samples were removed and
lysed as described in § 2. To resolve the intermediates of replicating DNA the lysates
were analysed on both neutral and alkaline 5 to 20% (w/v) sucrose gradients as
described in §2. The pattern of distribution of the replicating DNA in alkaline and
neutral sucrose density gradients were the same. Hence the result of only neutral
sucrose gradient analysis has been presented (figure 7). After 22 min of infection the
majority of the pulse labelled DNA was detected with the fast sedimenting
membrane complex marked as 'intermediate I' as well as with the concatemeric
DNA or 'intermediate II' (figure 7). The size of the concatemeric DNA was
calculated according to the following equation (Abelson and Thomas 1966; Burgi
and Hershy 1963).
D2 / D1 = (M2 / M1)X,
where, Μ is molecular weight, D is the distance travelled and Χ = 0·35 for neutral
sucrose gradient.
The length of the concatemer was calculated to be 3 to 5 times the length of
mature phage DNA. With time (after chasing) both forms I and II are converted to
phage length DNA. To determine the size of the concatemeric DNA, lysis of the
infected cells and centrifugation of the lysate in neutral sucrose density gradient was
also carried out as described by Ray et al (1984). The sedimentation profile was not
much different from that presented in figure 7.
3.6 Association of the replicating DNA with the membrane complex
To confirm that the fast sedimenting complex is a DNA-cell membrane complex, the
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Figure 7. The fate of pulse labelled phage MB78 DNA in LT2 cells: Neutral sucrose
gradient analysis.
Exponentially growing LT2 cells were infected with phage MB78 (m.o.i.= 10). The
infected cells were pulsed for 2 min with [3H ] thymidine (20 µCi/ml: 18·8 Ci/mmol) after
20 min of infection. It was followed by the addition of cold thymidine at a final
concentration of 2 mg/ml (chasing). Samples (0·5 ml) were collected at different times as
indicated in the figure and immediately lysed as per Botstein (1968). Lysates from such
samples (chased for different lengths of time) were loaded on 5–20% neutral sucrose
gradients as described in 'materials and methods'. [32P] labelled MB78 DNA was used as
a marker. The sedimentation is from right to left. The arrow indicates the position where
marker DNA sedimented. I, represents the intermediate I or membrane complex and II,
represents the intermediate II or concatemeric DNA.

fast sedimenting complex was collected under similar conditions as in figure 7a, with
the exception that instead of Angio Conray, 1·3 g CsCl/ml of 40% sucrose was used.
This complex was then dialyzed and deproteinized as described in §2. It was then
subjected to 5–20% neutral sucrose density gradient centrifugation. The gradient
was prepared following Ray et al (1984). Results presented in figure 8 clearly
indicate that the DNA from the fast sedimenting complex can be released after
proteinase Κ treatment confirming that the fast sedimenting complex is DNA-cell
membrane protein complex. From the sedimentation pattern it appears that most of
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Figure 8. Neutral sucrose gradient centrifugation of deproteinized DNA-membrane
complex.
The fast sedimenting complex as in figure 7a was dialysed against 10 mM Tris-HCl pH
7·8, 5 mM EDTA for 15 h at 4°C. It was then treated with proteinase Κ (500 µg/ml) for
12 h. Gradient was prepared as per Ray et al (1984).
(•), Untreated sample: (O), treated with proteinase Κ (500 µg/ml) for 12 h. The arrow
denotes the position where mature phage DNA sediments.

the released DNA is a multimer (approximately 4–5 mer) of the mature phage length
DNA.

4. Discussion
To understand the molecular organization of phage MB78 genome, phage DNA
was analysed with a number of restriction endonucleases, namely, BglII, PvuII,
EcoRI, ClaI, SalI and SmaI. From the analysis of restriction enzyme digestion
fragments, the molecular weight of the phage DNA was estimated to be 28 × 106
Dalton or 42 kb. Our results demonstrate that the replication of the phage DNA
proceeds through concatemer formation in association with the cell membrane.
Some of the restriction endonucleases generated submolar fragments and by
analogy with the cases reported in literature we believe that the submolar fragments
are obtained as a result of limited circular permutation. Direct demonstration of the
existence of concatemeric DNA supports the idea that submolar amounts of some
restriction fragments are produced as a result of limited circular permutation of the
phage genome while packaging more than genomic length DNA into the phage
head, a mechanism common with many other phages.
Unpublished observations from our laboratory with bacteriophage 9NA, another
virulent phage of S. typhimurium (Wilkinson et al 1972) indicate that phage 9NA
also replicates in a similar way through the formation of concatemeric DNA (data
not presented). It is interesting to note that bacteriophages P22, MB78 and 9NA of
the same host replicate through the concatemeric DNA formation.
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The results presented in this communication support the idea that the most
probable location of 'pac' site is within the EcoRI E, SalI Β or SmaI A fragments. It
is quite interesting to note that the hybridization of Southern blotted restriction
endonuclease digestion fragments with fragments derived from the region to the
right of the 'pac' site as shown in figure 3 showed smeared background signal in
contrast to the fragments derived from the left. The fragments which gave clear
signals must be away from the ends which are circularly permuted. As the
fragments to the right of the 'pac' site produced smeared signals it is strongly felt
the packaging is in the anticlockwise direction. The final circular map, including the
location of the 'pac' site and the direction of packaging is shown in figure 3. The
order of EcoRI I and J fragments in the physical map and the position of SmaI G
fragment, is located but could not be exactly defined. The presence of SmaI G
fragment can be anywhere within 1 kb region as represented by, the hatched area.
A tentative position for SmaI G fragment has been assigned from the results of
Southern blotting and hybridization of different restriction enzyme-digested
fragments with SmaI G fragment (used as probe). In one of the previous
Communications (Verma et al 1986) there was difficulty in assigning the positions of
EcoRI C and D, which were then decided on the basis of complementation studies
of the is mutants with cloned fragments. At that time we did not realize that EcoRI
Ε was a doublet which is now evident from the analysis of various double digestion
products.
The position of EcoRI C and D has also been changed on the basis of their
double digestion patterns. EcoRI G was shown to be a subset of EcoRI A on the
basis of hybridization of EcoRI G with EcoRI A (a false conclusion derived
probably due to contamination somewhere). The Southern blotting and
hybridization of different restriction enzyme digested fragments with individual
submolar fragments used for physical characterization has never shown EcoRI A
being hybridized with any of them. On the contrary, the submolar fragments always
hybridized with other submolar fragments and the fragments of which they are a
part of, namely, SalI B, SmaI A, ClaI C and D and EcoRI E. Since all these
fragments are overlapping and the location of 'pac' site in EcoRI Ε fragment can
explain the generation of other submolar fragments, the physical map presented in
this report, an improvement over the previous map, should be regarded more
accurate and explanatory.
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