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SUMMARY 

 
Recent microscopic studies have shown that the replication complexes in 

bacteria are positioned at fixed locations while the replicating chromosome moves 
through this anchored multiprotein structure, designated as a “replication factory”. 
Almost nothing is known about the spatio-temporal determinants of replication 
factories for chromosomal or other extra-chromosomal autonomous replicons a 
bacterial cell may harbor. As part of my exam project I attempted to locate and 
characterize the sub-cellular site(s) of the replication factory set up for replication of 
the virulent coliphage T4 genome inside the infected host cell. The lytic development 
of the phage was followed by examining periodic samples of the infected culture 
using spectrophotometry (growth and lysis) and flow cytometry (DNA content per 
cell). Infected cells were placed on agar-coated glass slides and examined in a 
fluorescence microscope (total DNA and replication forks in individual cells). The 
DNA-specific stain DAPI (4’,6-diamidino-2-phenylindole) was used to visualize the 
bulk DNA while Single Strand DNA Binding (SSB) protein fused to Green 
Fluorescent Protein (GFP) was used as the reporter for locating replication forks.  

Using spectrophotometry and flow cytometry to follow phage development 
and combining this information with the direct view of the replicating phage DNA 
inside the live host, the following stages in the lytic development of bacteriophage T4 
could be visualized in real time: 
     (a) T4-specific foci corresponding to early replication mode appear within 3-5 
minutes following infection; (b) The early replication centers are located in 
cytoplasmic areas clear from the bulk host DNA; (c) About 10-15 minutes after 
infection, the sharp GFP spots diffuse into smears as recombinational late replication 
complexes take over from the early replication; (d) Phage DNA molecules form 
clusters near the bacterial membrane for packaging and lysis.  

To my knowledge, this was the first time that the phage infection and lytic 
development could be observed live in real time. As expected, this novel approach 
raised many interesting questions which need to be investigated further. A detailed 
knowledge of phage replication and development might provide insights which would 
be useful in designing approaches to phage therapy. 
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ABBREVATIONS 

 
bp                               Base pair 
DNA ,RNA                        Deoxyribonucleic acid , Ribonucleic acid 
dNTP                         deoxynucleotide triphosphate 
dNDP                         deoxynucleotide diphosphate 
dNMP                        deoxynucleotide monophosphate 
DAPI    4’, 6-diamidino-2-phenylindole 
GCA                           Glucose casamino acid medium 
GFP                           Green Fluorescent protein 
Kbp    Kilo basepair 
LB                              Luria-Bertani broth 
LA                              Luria-Bertani agar 
Mbp                                         Mega basepair 
M9GC                        M9 glucose casamino acid medium 
MOI                           Multiplicity of infection (number of phage particles  
                                                 added per cell)               
O.D                            Optical density 
SSB                           Single stranded binding protein 
TTA                           Tryptone top agar 
TBA                           Tryptone bottom agar 
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INTRODUCTION 

 
Every living organism maintains its continuity by passing more or less 

accurate copies of its hereditary information to the next generation. Ever since 
identification of DNA as the most common carrier of hereditary information, its 
precise duplication and equal distribution to the progeny have become the most 
important mechanisms to be understood in the study of life processes. Free-living 
bacterial cells provide simple model systems for investigating growth, genome 
duplication and cell division processes since these are self-sufficient units without 
interference from developmental signal/s as in multicellular higher organisms. The 
gram-negative bacterium Escherichia coli, along with its viruses and plasmids, have 
provided the genetic and molecular biological foundation in understanding living 
processes. A significant part of the lifetime of a cell, from birth to division, is devoted 
towards the synthesis of a copy of the parental DNA. In eukaryotic cells DNA 
synthesis activity is restricted to a defined segment of the life cycle (approximately 
1/3 generation time) called the S-phase. In bacteria, which require a more flexible life 
cycle in order to adapt to a wide range of nutritional availability and environmental 
stresses, the time period required to replicate the genome could be a small part of the 
life cycle (or the doubling time or the generation time) or span multiple life cycles 
with overlapping rounds of replication with strict control of replication initiation in 
coordination with the growth rate (Helmstetter 1996). Viruses, especially lytic 
bacteriophages, are usually free from restriction in the production of viral genomes 
since they have to reproduce a large number of viral particles within a short period of 
time. Almost all of the replication control is usually exerted or determined at 
initiation; assembly of the necessary enzymes into a functional replication complex or 
REPLISOME has thus been shown to be the rate limiting step in DNA synthesis of 
most organisms (Kornberg and Baker, 1992). Investigations into the genetics and 
biochemistry of DNA synthesis using model systems have revealed most of the 
components of replisomes in both eukaryotic and prokaryotic systems; viruses and 
bacteriophages have been invaluable in these studies. A brief description of the 
prokaryotic replication mechanism in molecular terms is given below. 
 
DNA replication in a bacterial cell: 

Although not isolated by a membrane, bacterial chromosomes are organized 
into highly condensed structures as compact paracrystalline nucleosomes with 
negatively supercoiled DNA (Kellenberger, 1990). Thus, the process of replication 
would entail localized de-condensation and unwinding followed by separation of the 
nascent DNA and their re-condensation (Dasgupta et al., 2000). Evidently, the whole 
process has to follow a well-defined spatio-temporal pattern in coordination with 
cellular growth and division. On the E. coli chromosome, a single closed circular 4.6 
Mbp (mega basepairs) DNA, initiation of replication occurs at a 250 bp site called 
oriC when 30-40 copies of the ATP-bound initiator protein DnaA bind at the 9- and 6-
bp DnaA boxes repeated 5 and 3 times , respectively, within this region (Messer and 
Weigel, 1996; McGarry et al., 2004). The resulting architectural modification 
unwinds three 13 bp AT-rich tandem repeats allowing the loading of two copies of the 
replicative helicase in divergent orientation. Further unwinding of the double helix in 
both directions permits the assembly of DNA primase which paves the way for the 
sequential assembly of the DNA polymerase III holoenzyme subunits (Kornberg and 
Baker, 1992).  Once assembled at the replication origin, the replisome duplicates the 
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whole 4.6 mega base pairs chromosome in a highly processive manner. Replication 
forks assembled at oriC proceeds bidirectionally at equal speed (approximately 50 
kbp (kilo basepairs per minute) and meets at the diametrically opposite position called 
the terC (Louarn et al., (2005). Type II topoisomerases (Gyrase and/or Topoisomerase 
IV) relax the unreplicated part of the chromosome from the positive supercoiling 
caused by the progressive unwinding of the double helix by the replicative helicase, 
and are also involved in the resolution of the catenated daughter chromosomes after 
completion of the replication (Khodursky et al., 2000).  
 

Localizing Replication site(s) and replication factories: 
A reasonably detailed picture of the replication mechanism in molecular terms 

is available today; the intracellular coordinates of the replication multimolecular 
machine and its movement during the replication process are emerging in recent times 
due to combined progress in recombinant technologies, bioinformatic genomics and 
fluorescence microscopy. Reporter systems for locating replication forks (the junction 
or the branch point of nascent and parental DNA) and the polymerase in live cells 
became available when different components of the multi-protein replisome complex 
could be fused with fluorescent proteins and inserted into the bacterial chromosomes 
using sequence information of E coli genome (Blattner et al., 1997) and in vivo 
recombineering technology (Yu et al., 2001). Since the lagging strand contains 
extensive single stranded regions, SSB (single strand binding protein)-GFP (green 
fluorescent protein) forms clusters on this exposed single stranded region and 
identifies the location of the active replication fork (see the cartoon in Fig.1 detailing 
the structure of the fork). Similarly, GFP-fusions of DnaN or DnaX or any other 
component of the DNA polymerase holoenzyme would mark the location of the 
replication complex.  
 

 
Figure 1. DNA structure and organization of replication proteins at the site of replication fork (adapted 
from http://www.csu.edu.au/faculty/health/biomed/subjects/molbol/images/6_22.jpg )  
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Concept of molecular machines and replication factories: 

It was an open question for some time whether the replisome moved along the 
DNA template or if the whole chromosome passed through a static replisome 
designated as the replication factory. The idea of a static replication factory was first 
proposed and demonstrated in eukaryotic system reviewed in (Cook, 1999; Newport 
and Yan, 1999). Lemon and Grossman (1998) showed that in Bacillus subtilis the 
DNA polymerase at the replication fork remains stationary throughout the cell cycle, 
and the DNA template is pulled in and released outward during replication (see figure 
2). It has been subsequently demonstrated that the replication machinery is assembled 
into a gigantic complex at the chromosomal replication origin in E coli, B subtilis and 
C cresentus. The complex is located at the cell centre while the replicating 
chromosome moves through this static complex defined as the ‘Replication Factory’ 
(Lemon and Grossman 2000). Figure 2 shows a cartoon representation of the so-called 
factory model for replication of bacterial chromosome (from Losick and Shapiro, 
1998). 

 
Figure 2. Replication factory model for duplicating bacterial chromosome. The replicating 
chromosome is spooled through a stationary replication factory. The supercoiled chromosome is shown 
as a simple circle to illustrate movement of DNA during the cell cycle (from Losick and Shapiro, 
1998). 
 
Detection of replication factories: 

Recent advances in fluorescence optics and microscopy, bioinformatics 
(genome sequences of bacteria and marine organisms with fluorescent proteins) and 
recombineering technology (in vivo genetic engineering)  paved a way to fuse genes 
and put them in any context at will, made it feasible to design systems for in situ 
visualization of molecular machines in action in real time. Fluorescence microscopic 
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techniques using in situ hybridization with fluorescence–tagged nucleotide containing 
probes or fluorescent proteins either in in-frame fusion with active proteins or as 
locators of DNA segments as operator-repressor systems in living cells, has provided 
us with intimate, well-resolved views of molecular mechanisms inside the bacterial 
cells with stunning revelations (Wang et al., 2005; Rothfield et al., 2005; Bernhardt 
and de Boer, 2005; Dye et al., 2005; Gitai, 2006; Kruse and Gerdes, 2005). 
Replication proteins fused with GFP were used effectively. In 1998, Lemon and 
Grossman visualized the static bacterial replication factory in Bacillus subtilis by GFP 
fusion with DNA polymerase and provided the first evidence supporting the factory 
model of replication in prokaroytes. Gigantic molecular complexes performing 
replication or transcription have already been designated as molecular machines based 
on genetic and biochemical analyses (Alberts, 1998; Baker and Bell 1998, Newpert, 
2005) but their direct visualization or characterization in terms of intracellular 
location and timing of assembly has not been that common. Replication factories for 
the bacterial chromosome have been localized in both gram negative and gram 
positive bacteria by fusion of the Green/Yellow Fluorescent Protein (GFP/YFP) with 
one of the replisome components such as DnaE (polymerase) or DnaX (sliding clamp-
loader subunit) (Hayashi et al., 2005). 

 
Factories for Phage DNA replication:            

The life cycle of T4 phage is short but one of the best characterized in terms of 
genetics and physiology making it a convenient system for experiments designed to 
follow the well-defined stages of phage development and interpret results. Many 
phage workers showed that the DNA of several phages is attached to the host 
membrane at some point of their life cycle (Earhart 1970). Many studies in 
understanding of the T4 replication showed that most of its replication proteins are 
found attached to the host membrane (Huang 1975).  

T4 infection results in an immediate shutoff of most of the host metabolism, 
including replication (Duckworth 1970). Therefore, if single-stranded binding protein 
fused to GFP is used to locate replication forks, strongly fluorescent foci seen in 
infected cells can be attributed to T4 replication forks. 

 
Life cycle of T4 Phage           

T4 is a virulent coliphage with 168.93 kbp of double stranded linear DNA as 
its genome. It is an obligatory parasite, which can reproduce itself only in growing 
gram-negative enterobacteria cells such as Escherichia coli, a common resident of 
mammalian gut. Immediately following infection, the host metabolism is shut down 
and modified to commit itself to efficient production of the viral components and their 
assembly into mature virions. The whole process takes less than 30 minutes in rich 
media at 370C, by the time lysis occurs 100-150 bacteriophage particles have 
accumulated in the infected cell (Miller et al., 2003).    

T4 replication occurs in two distinct stages (Miller et al., 2003; Snyder and 
Champness 2005). In the early stage, replication is initiated from one or more of 4-6 
well-defined origins simultaneously; replication forks proceed bi-directionally and 
produce full genome-length progeny molecules. As T4 genomes are terminally 
redundant and circularly permuted the ends with different repeat sequences can invade 
other daughter molecules and undergo a homologous recombination giving rise to 
branched DNA that can serve as replication intermediates, capable of acting as 
replication forks (Mosig and Luder 1982) (Fig.3B). This second stage of replication, 
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called the Recombination-Dependent Replication (RDR), forms large networks of 
replicating forks and dominates the later part of phage development. 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 3. Replication of T4 DNA. In first stage (A) it replicates bi-directionally from origin specific 
sites (early replication). In second stage (B) it replicates by (RDR) recombination directed replication 
(late replication) (adapted from Synder and Champness 2005).  
 
  An overview of the complete life cycle of T4 already known in details from 
earlier studies (Burton and Kutter 1983) is given below in cartoon form along with the 
time scale (Fig 4). A few minutes after the infection two things happen, first synthesis 
of host proteins and mRNA ceases very quickly and second the host RNA polymerase 
begins to transcribe a series of genes encoding early enzymes for the phage. Within 
about 5 minutes after infection T4 DNA replication starts along with the transcription 
of another class of genes, which code for the so-called late proteins. The synthesis of 
late proteins, which largely consist of components for viral capsids, require a switch 
from early to late replication phase. The viral DNA is packaged into the pre-head and 
tail and tail fibres are assembled and attached, the complete process takes 25 to 30 
minutes after infection. The phages are released by lysing the bacterial cell wall. 
 

 
        
Figure 4. Overview of T4 replication (adapted from Burton and Kutter 1983). 
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Flow cytometry: 

Flow cytometry can measure both the size (from the loss of light along the 
beam axis due to scattering) as well as the DNA content (from the fluorescence 
measured at a perpendicular direction from the light beam) of individual cells and 
record the number of cells counted at the same time. Thus, it can provide the DNA-
content and the cell size distribution of large population of cells under known 
conditions of growth and metabolism. Aliquots of cells are fixed, stained and forced 
through a capillary illuminated by a narrow beam of light (Xenon or Mercury lamp or 
laser beam of appropriate excitation wavelength). It takes in a suspension of single 
and unclumped cells and run them one (single cell) at a time past a laser beam. As 
each cell passes through the laser beam, scattered and fluorescent light are quantified.  
Scattering and fluorescence signals are amplified and measured by photometers 
placed at mutually perpendicular positions, and plotted as histograms showing number 
of cells (ordinate) with specific size and DNA-content (abscissa), respectively. Such 
histogram profiles would yield sharp peaks for cell populations containing integral 
number of chromosomes (fluorescence intensity corresponding to DNA-equivalent of 
1, 2…. N chromosomes; see the ON profile figure 5) while cells with on- going 
replication would show broad peaks over the range of 1N-2N chromosome 
equivalents of DNA corresponding to replication intermediates of all possible sizes 
(see exponential profile figure5). 
 
 
 
AIMS: 

A bacterial cell often has additional replicons as symbiotic residents (plasmids 
and prophages with copy number control) or invading saboteurs (lytic viruses 
replicating at maximal rate without any control). The aim of this project was to 
identify the location of virus-specific replication factories inside a T4-infected 
bacterial cell and to find out whether the early and late replication stages occur at the 
same site. 
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RESULTS 

 

SSB-GFP Foci represent replication 
    I decided to use SSB-GFP fusion strains in this project, since a large number of 
SSB molecules coating the extended single stranded region on the lagging strand at a 
replication fork is expected to produce a strong fluorescent focus with precise location 
of the fork. Samples (exponential cultures) grown in M9GC medium of the strain 
MG1655 (SSB-GFP)::CmR were examined under fluorescence microscope using 
separate filters for selective visualization of fluorescence emission from DAPI (stains 
DNA) and GFP. The images were then superimposed to show both bulk DNA and the 
replication forks. In order to ascertain that only active replication forks could elicit 
foci of GFP fluorescence, stationary phase cultures and cultures in which ongoing 
rounds of replication had run out but initiation of new rounds was prevented by 
exposure to 300 μg/ml rifampicin (rifampicin inhibits transcription and thus prevents 
initiation of new rounds of chromosome replication which requires transcriptional 
activation (Kornberg and Baker, 1992), were used as controls. Fig.5 shows the 
microscopic images (B) and the flow cytometric profiles (A) of cells with and without 
on-going replication. 60-70% of the bacterial cells from exponential culture showed 
SSB-GFP spots. Panel 1 in Fig 5B shows the close up of individual cells uninfected in 
which phase and the DAPI and GFP specific fluorescence images have been 
superimposed. The SSB-GFP foci representing replication forks were located 
centrally within the DAPI stained nucleoid. The flow cytometric profiles for the O/N 
culture contained non-replicating stationary phase cells with 1 or 2 chromosomes. The 
level of fluorescence on abscissa is proportional to the amount of DNA and is used as 
calibration in terms of E.coli chromosome numbers. The exponential culture showed a 
population of cells with DNA content of 1-4 chromosome equivalents with on-going 
overlapping replication. After two hours in rifampicin the replication of DNA was 
stopped showing most of the cells with two and four copies of chromosomes. 
Micrographs of the exponential population showed 67% of the cells with SSB-GFP 
foci (panel 2 in Fig 5B) while two hours after Rif-treatment only 6% of the cells 
retained the SSB-GFP foci (panel 3 Fig 5B). This confirmed that the SSB-GFP 
fluorescent spots truly represent the sites of ongoing replication. 
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Figure 5.Cell population with and without ongoing replication. (A) Flow cytometry: The profiles show 
histograms with distribution of cells with different DNA content –fluorescence intensity was calibrated 
in terms of number of chromosome equivalents. Stationary phase (top) and rifampicin run out (bottom) 
of figure 5(A) show only cells with integral number of chromosomes. The exponential culture (middle) 
shows a broad distribution of cells with fluorescence equivalent to continuous DNA contents between 2 
and 4 chromosomes. (B). Micrograph: Cells after two hours of rifampicin exposure show background 
level of GFP foci (3-6%)(3) while exponential culture shows GFP foci in almost 70% of the cells (2) 
Individual cells with GFP foci at high magnification (1). Bulk DNA stained with DAPI was coloured 
red and SSB-GFP florescence spots were shown in yellow. The percentage mentioned near the 
micrograph panel’s show an estimate of cell numbers that show SSB-GFP foci in a random population 
under the microscope. 
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Phage development in live infected cells 

The life cycle of T4 from infection to lysis was followed by 
spectrophotometry, to have an idea of timescale of the phage infection. I followed the 
growth and lysis of an MG 1655 (SSB-GFP)::CmR culture( grown in M9GC at 37°C) 
before and after infection with T4 at MOI(multiplicity of infection) values ‘1’ and ‘3’. 
The O.D600 was followed every 10 minutes for up to 90 minutes by taking 1 ml each 
time for analysis for both MOI ‘1’ and ‘3’. From the figure (3) at MOI ‘1’ it was 
evident that the O.D600 of the uninfected cells was increasing along time scale of 90 
minutes whereas in the infected cells the O.D600 increased up to 10 minutes and after 
this time there wasn’t much increase in the O.D600 and from thirty minutes onwards it 
decreased indicating onset of lysis of bacterial cells.  

At MOI ‘3’ figure (3) the O.D600 of the uninfected cells increased as before but 
whereas in the infected cells the O.D600 decreased after 10 minutes and then remained 
more or less the same until 30 minutes, after 30 minutes the O.D600 decreased 
indicating bacterial lysis . MOI ‘1’ was chosen to follow the phage infection under 
microscope in order to avoid multiple infection.   
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Figure 6. Optical densities observed at M.O.I ‘1’ (A) and ‘3’ (B) in infected and uninfected cells. The 
uninfected cells were kept as a control ( ) and T4 infected cells ( ). 
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Location of replication factories for the bacterial chromosome 
 When exponentially growing uninfected E.coli (MG1655 ssb-gfp::CmR) cells 

were observed in a fluorescent microscope (Carl Zeiss Microscope) at least 60-70% of 
the cells in any population contained GFP fluorescence foci. The bulk DNA was 
stained with DAPI and it appeared as a compact nucleiod in the midcell region 
(stained red), SSB-GFP foci (replication foci) were always seen inside the DAPI 
stained bacterial nucleiod. Most often, the SSB-GFP focus was centrally located in the 
occasional exceptions (see Fig 7). In a random collection of cells of various sizes 
bacterial cells showed one, two or more replication foci corresponding to presence of 
multiple ori C. Cells with one spot seemed to carry them mainly in the midcell region 
while multiple spots were asymmetrically distributed. For a reliable idea about the 
positions of the replication forks, I counted over hundreds of cells with one and two 
GFP spots and plotted their position in the cell against cell length (figure 8)  
 
 
 
        
 
 
 
 
 
 
 
 
 
 
Figure 7. Replication foci in MG1655 (SSB-GFP)::CmR bacterial cells. The DNA was stained with 
DAPI (red) and GFP fluorescence (yellow). 
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Clearly, all cells containing one SSB-GFP focus irrespective of size, showed 
the spot in the mid-cell region. Similar plot for 2-foci cells showed that the spots were 
distributed at quarter positions of the cell within the nucleiod. This was consistent 
with assembly of a replication factory at the mid cell region and completion of a 
round of replication at the same factory. This confirmed the, passage of the whole 
replicating chromosome through the same immobilized factory. Only when 
synchronous initiations occurred at multiple oriC containing cells I could see more 
than one focus per cell. These multiple factories should overlap with the old one 
assembled in the previous generation and three foci would be seen until the previous 
round of replication is over resulting in two cells. Indeed 3-foci cells were also seen in 
low frequency (data not shown) 
 

0

1

2

3

4

5

6

0 2 4 6

Distance from pole(µM)

C
el

l l
en

gt
h(

µM
)

First focus

Second focus

Distal end of the
nucleoid from the
pole

Proximal end of
the nucleiod from
the pole

 
 
 
 
 
 
 
 
 
 
 
 

0

1

2

3

4

5

6

0 2 4 6

Distance from pole(µM)

C
el

l l
en

gt
h(

µM
)

Proximal end of
the nucleiod from
the pole 

Distal end  of the
nucleiod from the
pole

Single focus

 

Figure 8. The position of replication focus (SSB-GFP) observed in an uninfected bacterial cell. The 
proximal end ( ) and distal end ( ) of the nucleoid in a bacterial cell was from the pole which was 
near to the SSB-GFP focus observed. First ( ) and second ( ) replication focus observed in the 
uninfected cell. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

                                                                                                                                  13 



 

Subcellular location of T4 DNA replication inside an infected cell 
The phage development was followed in real time by fluorescent microscopy. 

Figure 9 shows several examples of T4 infected cells at 1’, 5’, 10’, 15’, 20’ and 30’ 
after addition of T4 phage at MOI=1. I followed the stages which were visualized in 
microscope and compared them with current description of phage development 
obtained from genetic; biochemical and physiological studies earlier (see the cartoon 
in fig.1 in the introduction). 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Stages observed in development of T4 phage (wild type) in a bacterial cell. The arrow points 
towards magnified picture of one of the T4 infected bacterial cell that was observed at that time point. 
The DNA was stained with DAPI (red) and SSB-GFP fluorescence (yellow). 
 
 
 
1 Minute:- 

There were some small DAPI stained DNA spots (red) on the surface of the 
bacteria, which possibly represented attached phage particles. In a few cells a SSB-
GFP focus could be seen within the DAPI stained nucleoid. This meant that possibly 
bacterial DNA was replicating and phage has just adsorbed on to the surface. 
 
5 Minutes:- 

Most of the cells at this stage showed sharply outlined DAPI- stained bulk 
DNA which most probably consisted of the DNA from bacterial chromosome (see the 
Dot-blot analysis of total DNA; figure 11). 10% of the cells showed SSB-GFP foci, 
but these at MOI ‘1’ unlike in uninfected cells usually occurred outside the boundary 
of the putative nucleoid. The foci showed strong fluorescence and were close to the 
cell membrane. At M.O.I ‘3’ such spots were already visible at 1 minute after 
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infection; after that there was more than one SSB-GFP focus per cell (data not 
shown). I plotted the positions of GFP foci against the cell length in a large number of 
infected and uninfected cells. Figure 10 shows the position of the SSB-GFP foci of the 
infected cells. In uninfected cells the SSB-GFP focus (Figure 8) always lay within the 
nucleiod, irrespective of cell size even if there was more than one GFP focus. In 
contrast the GFP-foci for infected cells were almost always seen outside the boundary 
of the edge of the nucleoid in the cytoplasmic space. It was not clear from these data 
whether they were attached to the membrane. The replication forks visualized five 
minutes after infection most likely belonged to T4 genome. It was shown earlier by 
density gradient technique (grown in synthetic media at 37°C) that the phage DNA 
replication starts at 5 to 6 minutes after infection (Kozinski and Kozinski 1965)  

When location of the SSB-GFP fluorescence spot in the infected cells was 
plotted by taking the distance from the pole at the SSB-GFP focus end on X-axis and 
length of the cell on Y-axis, the replication foci were mostly found outside the 
bacterial nucleoid (see Fig 10), confirming that these spots must be associated with 
the extra chromosomal T4 DNA (transferring microscope images to a PC with 
axioplan software).  
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Figure 10. Position of SSB-GFP focus in a T4 infected bacterial cell. The proximal end ( ) and distal 
end ( ) of the nucleoid in a bacterial cell was from the pole which was near to the SSB-GFP focus (
observed.  

) 

 
10 minutes:- 

At this stage some of the infected cells started showing loss of compaction and 
the edges of the DAPI stained DNA borders were not as sharp as for the nucleoid 
(compared to stages of phage infection at one, five and fifteen minutes). Possibly this 
reflects degradation of the host DNA by phage encoded nucleases (Hercules et al., 
1971). The host DNA, which was degraded into various components, will now be 
utilized by T4 phage for its own DNA synthesis (Ronald 1995). The sharp SSB-GFP 
foci seen at five minute were no longer seen after 10 minutes and fuzzy SSB-GFP 
fluorescence was seen at the poles of the DAPI stained DNA. In some cells multiple 
small DAPI stained spots appeared at the poles of bacterial cells in addition to the 
DAPI stained bulk DNA in the mid cell region. 
 
15 minutes:- 

At this stage, the cells showed increased number of compact DAPI stained 
DNA spots at the poles of the bacterial cells. No GFP spots were visible and the DAPI 
stained bulk DNA was still maintained in a relatively dispersed state; it seemed that 
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the DAPI stained DNA was dispersed all over the cell. The SSB-GFP fluorescence 
had a fuzzy appearance at the poles of the DAPI stained bulk DNA. 
 
20 minutes:- 

 stage there were no GFP foci visible in any cell and the DAPI stained 
DNA a

0 minutes:- 
ulk of the DAPI stained DNA had disappeared and most of the 

cytopla

At this
t the centre of the cells was much less compact and there was no sharp edge for 

the nucleoid. Some compact DAPI stained DNA spots started to appear at the poles of 
the bacterial cells which could be clusters of phage DNA waiting to be packaged or 
already packed phage-heads clusters at specific sites.  
 
3

The b
sm of the bacterial cell was free from DAPI fluorescence stained except for 

few sharp spots of DAPI stained DNA in the cytoplasm. These could be the packaged 
bacteriophage particles ready to burst out of the cell and released into the 
environment.  
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DNA content in T4 infected cells: 

wledge that the chromosomal DNA is degraded 
and ph

) Flow cytometry 
ntent distribution in a population of T4 infected cells was 

analyze

Although it is common kno
age DNA synthesis is started almost immediately following entry of the phage 

DNA into bacterial cell (Miller et al., 2003), the micrographs of T4-infected cells did 
not show any major change in the DAPI stained bulk DNA. The phage DNA synthesis 
and chromosomal DNA degradation goes on concurrently (Kutter and Wiberg 1968; 
K. Carlson, unpublished observations ), such that the bacterial DNA will be replaced 
by that of the phage without any major change in the microscopic visualization of 
DNA in the infected bacterium. To verify whether the bulk DNA observed in the real 
time microscopic examination of the T4 infected cells were of bacterial or phage 
origin, three methods were employed. 
  
(A

The DNA co
d using flow cytometry. Figure 11 shows the flow cytometric profiles of 

uninfected and infected cells (at different time points after addition of T4) as 
histograms of number of cells in a population with a specific DNA content/cell 
measured in terms of fluorescence intensity (calibrated in chromosome number). The 
flow cytometric profiles for uninfected cells did not undergo any change in position or 
shape of the peak which remained at a constant position over the period suggesting 
the presence of replication intermediates with 1-2 chromosome equivalent of DNA 
content per cell. The infected cultures showed a continuous increase in the number of 
cells with large amounts of DNA suggesting that a subpopulation of cells had a rapid 
increase in the DNA content. There was never a total loss of DNA in the cell 
suggesting that degradation of chromosomal DNA was concurrent with viral DNA 
synthesis as suggested above. 
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infected               Infected                    

 
  Un
     (Control)             (T4 phage) 

 
 

 
Figure 11. Flow cytometry analysis of T4 infected cells. The profiles show histograms with distribution 
of cells with different DNA content – fluorescence intensity was calibrated in terms of number of 
chromosome equivalents. The X-axis shows number of copies of chromosome (fluorescence) and Y-
axis represents number of cells.  Uninfected (left column) control and T4-infected culture (right 
column) were collected at different time points after infection; fixed , washed, stained and analyzed by 
flow cytometer.  
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(B) TCA precipitation 

DNA degradation was monitored by measuring loss of 
radioac

The bacterial 
tivity from 3H-thymidine- labeled DNA by TCA precipitation.  In the 

uninfected cells, which were taken as control (black), the curve was more or less 
stable showing that there was no degradation of DNA. In T4 infected cells (grey) the 
curve at 10 minutes the CPM count fell and then rose back in 12.5 minutes thereafter 
it remained almost stable. As this dip in radioactive DNA in infected cell was quite 
reproducible, this was taken to indicate that T4 phage degraded the bacterial DNA but 
the degradation products were almost immediately converted into modified dNTPs 
and incorporated into its own DNA (Hercules 1971 ; Miller et al., 2003). This was 
confirmed from the dot blot experiment shown below.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Integrity of bacterial DNA. The TCA precipitated labeled DNA from the infected and 
uninfected samples were analyzed in a scintillation counter and a graph was plotted, time in minutes on 
X-axis and CPM count on y-axis. 
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(C) Southern Blotting 

ization was used to identify the origins of DNA in the T4 
infecte

Dot blot hybrid
d cells. The blot with DNA was hybridized with radiolabelled probes specific 

for phage and bacteria. The total DNA was extracted as described above and blotted 
on the nitrocellulose membrane and hybridized with probes specific for T4 phage 
gene 32 and the chromosomal gene dam. A phosphoimager was used to quantify the 
amount of probe hybridizing to the dots and the results are shown in Fig 13. Five 
minutes after infection, strong signals for T4 DNA started to appear. From then on the 
amount T4 DNA continued to increase. The bacterial chromosome showed much 
weaker signal and almost disappeared after 10 minutes indicating conversion of all 
chromosomal DNA into the phage DNA. By 15 minutes it was clear that the DNA 
present in the T4 infected cells was of exclusively phage DNA.  

 
 

igure 13. Dot blot experiment of T4 phage infected cells along 30-minute timescale. The DNA  F from
the T4 infected samples was extracted, blotted and hybridized with radiolabelled probes and analysed 
by phosphoimager. 
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DISCUSSION 
In an effort to characterize mplex that act as factories or sites 

for DN

GFP fusion was used as reporter for the phage replication 
fork. T

lthough E.coli SSB and T4 gp32 are 
indistin

kers showed that the replication of phage DNA was tightly 
associa

4 starts its 
replica

the molecular co
A replication, I undertook sets of experiments to determine whether virulent 

phages set up specific sites for replication of their own genome. Since T4 has one of 
the largest bacteriophage genome with a chemically distinct component 
(hydroxymethyl cytosine instead of thymidine) and utilizes its own replication 
enzymes with a very distinct replication pattern, I wanted to follow the complete 
replication program of the developing phage and record the phage infection and lytic 
development in real time. 

The bacterial SSB-
he control experiments with rifampicin run-out experiments confirmed that 

strong GFP foci invariably indicated the presence of replication forks. Furthermore, 
the SSB-GFP foci representing the chromosomal replication forks were always found 
within the DAPI stained nucleiods. Since the infected cells showed SSB-GFP foci 
occurring outside the bacterial nucleiod, I could identify these as sites of phage 
replication with some confidence. The SSB-GFP foci in the cytoplasmic space 
remained visible only for 5-10 minutes after infection after which it spread out over a 
larger area with the domains of the bulk DNA stained with DAPI. Were these early 
replication structure in any way connected or attached to the cell membrane? If the 
replication occured near the membrane, was it using any protein to anchor itself on the 
membrane? In other words, is the T4 replication apparatus is anchored onto the 
membrane or free floating in the cytoplasm? 

It should, however, be noted that a
guishable in their single stranded DNA binding capacity, the bacterial SSB 

cannot functionally replace the T4 proteins; T4 gp32am is inviable in absence of 
suppressor activity.       

Early phage wor
ted with bacterial membrane (Miller 1972). Many studies in regarding the 

bacterial membrane association in T4 replication showed that T4 replication proteins 
were involved in the association (Huang 1975). In 1987 Mosig et al., showed the gp69 
protein, in similarity to with E coli replication protein Dna A, promotes the assembly 
of T4 initiation complex at oriA (origin for T4 phage) and the hydrophobic region of 
the protein helps in anchoring T4 replication complex to the cell surface .  

I also monitored the DNA content in the T4 infected cells. T
tion as soon as it enters the bacterial cell. Early phage workers showed that T4 

starts its early stage of DNA replication at about 5 minutes after infection in the 
infected cells (Kozinski and Kozinski 1965), from the dot-blot experiment it was 
evident that from 5 minutes after infection the cellular DNA was predominately of T4 
origin. It was shown earlier (Hercules et al., 1971) that T4 utilizes the host 
chromosome for its progeny development, which was evident in the TCA 
precipitation experiment, in which the CPM count fell and rose back. Snustad etal 
(1976) suggested that in T4 infected cells there is a compartmentalization for the host 
DNA degradation and phage DNA biosynthesis; they also suggested that, as T4 
replicating DNA is clearly membrane bound (Miller 1976) an association between the 
phage DNA and cell membrane is required if compartmentalization exists. From dot-
blot, another interesting observation was from 10 minutes sample onwards the signal 
for bacterial DNA faded away. T4 produces numerous copies of its own genome and 
only some of them will be packed before the moment of lysis, the remaining DNA 
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will be lost after the cell lysis (Kemper 1999). This was confirmed by the flow 
cytometry profiles, shows that there was increase in the amount DNA in the T4 
infected cells. Dot-blot analysis has provided another clue that the results that were 
observed was of T4 DNA only. 

 
Phage therapy: 

n be used in therapeutics as Phage therapy, which can be explained 
as ‘the

Questions remained to be answered: 
ents shows that it would be interesting to 

continu

 process possibly have an important 
role in 

on, by 
workin

Phages ca
 therapeutic use of lytic bacteriophages to treat pathogenic bacterial infections’ 

(http://www.phagetherapycenter.com). There are many advantages in using phages to 
counter the threat of growing number of antibiotic resistant pathogenic bacteria 
(Barrow and Soothhill 1997). The detailed knowledge of phage replication and 
development can be used in phage therapeutics; as suggested by Barrow and Soothhill  
(1997) the advantage of using phages over antibiotics is multiplication of phages.  

 

This preliminary set of experim
e this work, as there are still many questions remained to be answered. Does 

the membrane association have anything to do in supplying the energy for T4 
replication as suggested by Mosig et al., (1987)? 

The host factors involved in this anchoring
setting up the replication machinery for early replication of the T4 DNA. The 

late replication, dependent on phage recombination system for creating replication 
forks without the rate-limiting initiation step may not require any anchoring but the 
first few essential copies are absolutely needed for the late replication, cant do without 
host anchor. Reciprocally T4 gp69 might be a way to identify E.coli membrane 
factors that are essential anchoring proteins for setting up replication factories. 

Much has to be still done to understand better about phage replicati
g with various phage mutants and their mode of replication in various 

replication mutants of bacteria. 
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MATERIALS AND METHODS 
 

edia for cultures and plates: 
acto tryptone, 5g bacto yeast extract and 10g NaCl 

trains: 
e bacterial strains used in this work are given in Table 1. E. coli MG1655, a 

wild-ty

able 1. E. coli strains 

train and genotype Description of relevant phenotype 

 
M
Luria-Bertani broth (LB): 10g B
per 1000 ml of water; Luria-Bertani agar (LA): 10g Bacto tryptone, 5g Bacto yeast 
extract, 11g of agar and 10g NaCl per 1000 ml of water; Tryptone bottom agar 
(TBA): 10g Bacto tryptone, 10g of siccomol agar, 8 g of NaCl, 1g glucose and 1M 
NaOH 1.2 ml per 1000 ml of water; Tryptone top agar (TTA): Bacto agar 7g, Bacto 
tryptone 10g, NaCl 8g , glucose 1g and 1M NaOH 1.5ml per 1000ml of  water  ; 
Glucose Casamino acid (GCA): Ι- 52.5g of Na2HPO4, 22.5g of  KH2PO4 per 1000ml 
of water and ΙΙ -5g of NH4Cl, 3g of MgSO4.7H2O, 75g of Difco casamino acids, 150 
ml of glycerol and 5g of gelatin in 4 litres of water and M9 Glucose Casamino acid : 
6g of Na2HPO4, 3g of  KH2PO4, 1g of NH4Cl, 0.5g of NaCl, 3 mg of CaCl2 ,1ml of 
1M MgSO4.7H2O, 10ml of 20% glucose, 0.1ml of 0.5% thiamine and 5ml of 20% 
Difco casamino acids in 1000ml of water. Eva Ferngren from the ICM kitchen kindly 
supplied all media and plates. Tetracycline and chloramphenicol were added to the 
media to concentrations of 15 μg/ml and 30 μg/ml, respectively, when needed. 
 
S

Th
pe K12 strain, was used for all phage-growth experiments; its SSB-GFP 

derivative was used in microscopy. E. coli B was used for preparation of stock lysates 
of the wild type T4 and their assay; E. coli C600 was used to grow the T4 carrying 
amber mutations. 
 
 
T
 
S
E. coli MG1655 E. coli K12 wildtype 
E. coli B E. coli B wildtype strain with a different restriction-

E. coli  MG1655 SSB-GFP::CmR 2              Wright, Tufts 

E.coli C600 (supE) ppressor 

modification system than in E. coli K121

A kind gift from Professor Andrew
University, Boston, MA, USA. 
E. coli K12 strain with amber su

1 from Karin Carlson lab, Department of Ce

enicol resistant  

  

ll and Molecular Biology, Uppsala 
University. 
2 chloramph
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All phage stocks were from the laboratory of Prof. Karin Carlson, ICM-Mikro, BMC, 

able 2. T4 phages 

train  Description of phenotype 

Uppsala University.  
  
T
 
S
S27 wild type 
S47 43 am1  B22×5 (amber mutation in gene encoding T4 

S63 32 ber mutation in gene encoding T4 
DNA polymerase) 

am1 315×1 (am
single strand binding protein, T4 SSB) 

1 amber mutation 

reparation of T4 phage lysates and their assay 
k lysates in TB and plating 100 μl 

of phag

 
P

Single plaques were isolated by diluting stoc
e suspension mixed with molten TTA containing 200 μl of exponential  E. coli 

B culture grown in GCA medium (from fresh overnight culture) on TBA plates. 
Isolated single plaques were used for preparation of fresh lysates. For preparation of 
phage lysates, 10-15 ml GCA medium was inoculated with overnight culture of the 
appropriate host strain (see above). When the OD600 reached 0.05(OD600 0.1=5×107 
CFU/ml) a single plaque was plucked from a fresh plate, deposited into the culture 
flask and grown with vigorous shaking. After 7 to 9 hours of growth, lysis was 
evident; growth was stopped by adding chloroform and after allowing to stand for 15 
– 30 minutes with gentle shaking, the lysate was centrifuged in corex tubes in a 
Sorvall centrifuge at 8000 rpm, 4°C for 30 minutes. The clear supernatant was 
collected in a sterile screw cap test tube and stored at 4°C. A typical phage growth is 
shown in Fig.14 

 
Figure 14. Optical density observed during T4 (WT) lysate preparation from a single plaque 
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Sample preparation for Microscopy 

A fresh overnight culture of MG1655 (SSB-GFP)::CmR was diluted 100-200 
fold in

Measurement of DNA content in the T4 infected cells  

The following methods were employed to measure the relative amounts of 
phage 

) Flow cytometry (total amount of DNA in infected cells): 

A fresh overnight culture of MG1655 (SSB-GFP)::CmR was diluted 100-200 
fold in

 
) TCA precipitation (degrading of host DNA): 

lled radioactively with 3H-thymidine 
(at A60

 

 M9GC medium containing chloramphenicol (30 µg/ml) at 37°C. After 
reaching O.D. =0.1 the exponentially growing bacterial cells were divided into two 
equal parts, one of which was infected with the wild type T4 lysate (S27) at MOI ‘1’ 
and ‘3’. Aliquots of 20 µl of the infected culture and uninfected culture were spotted 
onto agarose-coated (1% agarose in 0.15 M NaCl containing 0-5% DAPI) microscope 
glass slides 0’, 5’, 10’, 15’, 20’, 30’ minutes after infection and the samples were 
examined under a Zeiss (Phase filter, UV filter(320-520nm), GFP filter (450-650nm)) 
Fluorescent Microscope.  

 

600

and bacterial-specific in the total DNA produced in the T4 infected cell at 
different times after infection.  
 
(A

 M9GC medium containing chloramphenicol (30 µg/ml) at 37°C. After 
reaching O.D. =0.15 the exponentially growing bacterial cells were divided into two 
equal parts, one of which was infected with the wild type T4 lysate (S27) at MOI ‘1’ 
and other was kept as a control and fixed with ice-cold 70% ethanol. Samples were 
washed, resuspended into Tris-Mg

600

++ solution (10 mM Tris-HCl and 10 mM MgCl  
(pH 7.4) filtered through 0.2 μM membranes), stained by mixing with an equal 
volume of cells and staining solution (ethidium bromide (4 mg/ml) in Tris-MgCl  (10 
mM Tris-HCl and 10 mM MgCl ) and mithramycin C (2.5 mg/ml) in Tris-MgCl ), 
analysed in an Apogee A40 flow cytometer as described by Olsson et al., (2003). 

2

2

2  2

(B
The host cells were grown in LB and labe

0 0.05) at 37°C.  following standard procedures (1 μCi of [ H] thymidine/ml 
was added along with 10 μg/ml of nonradioactive thymine, 50 μg/ml of uridine and 
100 μg/ml of deoxyadenosine to the exponentially growing culture) (Maisnier-Patin et 
al., 2001) for 5-6 generations, washed with pre-warmed unlabelled medium ( LB with 
10 μg/ml of nonradioactive thymine, 50 μg/ml of uridine and 100 μg/ml of 
deoxyadenosine) to the exponentially growing culture  and resuspended into label-free 
medium. After reaching O.D.

3

600=0.1 (at 37°C) the exponentially growing bacterial 
cells were divided into two equal parts, one of which was infected with the wild type 
T4 phage (S27) at MOI ‘1’ and other was kept as a control, aliquots (0.5 ml) were 
collected from T4-infected culture and uninfected control at every 2.5 minutes for 30 
minutes into tubes with 2.5 ml ice-cold 10% TCA containing 10 μg/ml thymidine. 
The samples were washed on Whatman GF/C glass filters successively with 5% TCA 
and 95% ethanol. The filters were then dried in a 120°C oven and were counted in a 
Beckman Liquid scintillation counter. 
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(C) Southern Hybridization (relative amounts of DNA of bacterial or phage origin in 

A was extracted from the T4 infected cells as described in Moore and 
Dowha

able 3. Probes for southern hybridization 

ame of the probe Sequence (5’     3’) 

infected cells): 
Total DN
n (2002). After reaching O.D.600=0.1 (at 37°C)  the exponentially growing 

bacterial cells ( growing in M9GC) were divided into two equal parts, one of which 
was infected with the wild type T4 lysate (S27) at MOI 1 and other was kept as a 
control. Samples (25 ml) from T4 infected bacterial cultures were collected in 3 ml of 
10% SDS, 200 μl of 0.5M EDTA and 800 μl of 5M NaCl prewarmed at 65◦C and 
precipitated (centrifuged in a Sorvall centrifuge at 13000 rpm, 4°C for 30 minutes) 
with isopropanol, the pellet was resuspended in 500μl of TE buffer. The resuspended 
pellet was treated with protinase K (50 μg/ml) and RNase (20 μg/ml) and extracted 
(centrifuged in a Sorvall centrifuge at 13000 rpm, at room temperature for 30 
minutes) three times with 49.5% phenol, 49.5% chloroform and 1% isoamyl alcohol, 
precipitated with isopropanol to extract the DNA. The DNA was blotted onto the 
nitrocellulose membrane by the Dot-blot method described by Maniatis et al.,(2001) 
and probed with oligonucleotides (refer to table3) , end-labelled with γ-32P-ATP. The 
amount of label hybridizing to the dots was quantified using the standard protocol on 
a Phosphoimager. 
 
T
 
N
denA (T4) CGGGATCCGCACCACCACCACCATATGA

AAGAAAGAAATTGCAACAG 
dam (E.coli chromosome) AGGAT ATAGATCTTCTTTTTAATACCC
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	Localizing Replication site(s) and replication factories:
	SSB-GFP Foci represent replication

	Phage development in live infected cells
	The life cycle of T4 from infection to lysis was followed by spectrophotometry, to have an idea of timescale of the phage infection. I followed the growth and lysis of an MG 1655 (SSB-GFP)::CmR culture( grown in M9GC at 37°C) before and after infection with T4 at MOI(multiplicity of infection) values ‘1’ and ‘3’. The O.D600 was followed every 10 minutes for up to 90 minutes by taking 1 ml each time for analysis for both MOI ‘1’ and ‘3’. From the figure (3) at MOI ‘1’ it was evident that the O.D600 of the uninfected cells was increasing along time scale of 90 minutes whereas in the infected cells the O.D600 increased up to 10 minutes and after this time there wasn’t much increase in the O.D600 and from thirty minutes onwards it decreased indicating onset of lysis of bacterial cells. 
	MATERIALS AND METHODS

	1 amber mutation
	Preparation of T4 phage lysates and their assay
	Single plaques were isolated by diluting stock lysates in TB and plating 100 μl of phage suspension mixed with molten TTA containing 200 μl of exponential  E. coli B culture grown in GCA medium (from fresh overnight culture) on TBA plates. Isolated single plaques were used for preparation of fresh lysates. For preparation of phage lysates, 10-15 ml GCA medium was inoculated with overnight culture of the appropriate host strain (see above). When the OD600 reached 0.05(OD600 0.1=5×107 CFU/ml) a single plaque was plucked from a fresh plate, deposited into the culture flask and grown with vigorous shaking. After 7 to 9 hours of growth, lysis was evident; growth was stopped by adding chloroform and after allowing to stand for 15 – 30 minutes with gentle shaking, the lysate was centrifuged in corex tubes in a Sorvall centrifuge at 8000 rpm, 4°C for 30 minutes. The clear supernatant was collected in a sterile screw cap test tube and stored at 4°C. A typical phage growth is shown in Fig.14
	Sample preparation for Microscopy
	Measurement of DNA content in the T4 infected cells 
	The following methods were employed to measure the relative amounts of phage and bacterial-specific in the total DNA produced in the T4 infected cell at different times after infection. 



