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Abstract

Since the 1960•es the conformation and segregation of the chromosome in Escherichia coli

has been a subject of interest for many scientists. However, after 40 years of research, we 

still know incredibly little about how the chromosome is organized inside the cell, how it 

manages to duplicate this incredibly big molecule and separate the two daughter 

chromosomes and how it makes sure that the daughter cells receives one copy each. The 

fully extended chromosome is two orders of magnitude larger than the cell in which it is 

contained. Hence the chromosome is heavily compacted in the cell, and it is obvious that 

structured cellular actions are required to unpack it, as required for its replication, and 

refold the two daughter chromosomes separately without getting them entangled in the 

process each generation.  

The intention of the study was initially to find out how the chromosome is organized in 

the cell by labeling specific parts of it. Later the dynamics of chromosome segregation was 

included.  

Investigating chromosome organization by labeling of specific loci was already a 

widely used technique when I started on this thesis, but the data acquisition and treatment 

was slow and generally poorly described. There was a great need for an automatic 

standardized method capable of identifying the number and position of fluorescent foci in 

cells on photomicrographs fast and precise. A major part of my three-year study was 

devoted to the development of such a procedure. The result which is described in the 

accompanying Paper I, is a macro (program) written for the image analysis software Image 

Pro Plus capable of measuring the physical outline of cells, counting the number of foci 

within, and measuring their intra-cellular position. 1000 cells are processed in 3 minutes. 

The development of this fast and reliable method enabled us to start the analysis on the 

distribution of various chromosomal loci inside slowly growing cells. With the actual 

counting and measuring no longer being any problem we could easily analyze 14 loci 

distributed on the E.coli chromosome. More than 15.000 cells were analyzed in total. The 

results are described in the accompanying Paper II and show clearly that the chromosome 

is segregated progressively. An unexpected delay between the replication and segregation 

of markers was also observed and led to a new model on the timing of chromosomal 

segregation (the Sister Loci Cohesion Model). The results of Paper II also strongly 
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indicated that the chromosome is not replicated in a central factory but by separated and 

migrating replication forks. A result confirmed by others.  

Finally we developed a new labeling system compatible with the existing labeling 

system based on the P1 par system. Using the new system, which is based on the pMT1 

par system from Yersenia pestis, we labeled loci on opposite sides of the E.coli

chromosome simultaneously and were able to show that the E.coli chromosome is 

organized with one chromosomal arm in each cell half. This astounding result is described 

in Paper III.  

Adding the results of the thesis together with known data results in the following 

description of the chromosome dynamics of slowly growing E.coli cells: 

The chromosome of slow growing cells is organized with the origin at the cell center 

when it is newborn. It has one chromosomal arm on one side of the center and the other 

chromosomal arm on the other side. The terminus is at the new pole but migrates to the 

center soon after cell division. Replication is initiated at the origin at the cell center. The 

duplicated origins stay together for a short while and then migrate to the cell quarters. As 

the origins migrate away from the center the replication forks split up too and are from this 

point found on opposite sides of the cell center but randomly distributed. Supposedly the 

forks track along the two chromosomal arms that are separated to each cell half. As the 

forks replicate the two arms, the duplicated loci stay together for a while at the non-central 

position where they were replicated. This delay is the same for all loci. Thus segregation is 

progressive at a rate comparable to the rate of replication but segregation is delayed with 

respect to replication. After the delay one of the replicated loci is segregated to the other 

side of the cell center and the other one stays where it is. This way of segregating the 

chromosome ultimately leads to the placement of the two arms of the chromosome on each 

side of the cell quarter. Finally the replication forks meet at the terminus in the cell center 

and the replication is complete. The terminus does not separate until cell division where 

after it migrates to the new cell center and the original configuration is re-established. 
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Abstract in Danish / Resume på Dansk 

Siden 60•erne har man forsøgt at klarlægge kromosomernes organisering og segregering i 

Escherichia coli. Men selv efter 40 år ved vi stadig meget lidt om hvordan kromosomet er 

organiseret inde i cellen, hvordan det lykkes cellen at duplikere dette meget store molekyle 

og separere de to datter-kromosomer, samt hvordan det sikres at hver dattercelle kun får ét 

kromosom hver. Det fuldt udstrakte cirkulære E.coli kromosom er over 100 gange større 

end cellen hvori det indeholdes. Kromosomet er derfor pakket godt sammen og det er 

indlysende at der må findes strukturerede cellulære processer der hver generation pakker 

kromosomet op når det skal repliceres og pakker de to datter-kromosomer sammen igen 

hver for sig uden at de bliver viklet ind i hinanden.  

Formålet med dette projekt var oprindeligt at finde ud af hvordan kromosomet er 

organiseret inde i cellen, men blev senere udvidet til også at omfatte kromosom-

segregationsdynamik. 

Studier over kromosomets organisering i cellen ved hjælp af mærkning af specifikke 

kromosomale loci var allerede en udbredt metode da jeg startede mit Ph.D.-studie. Data 

opsamling og behandling var dog langsom og generelt dårligt beskrevet. Der var et udtalt 

behov for en automomatisk og standardiseret metode til at identificere antal og lokalisering 

af foci i celler hurtigt og præcist. En stor del af mit 3-årige Ph.D.-studieforløb er gået med 

at udvikle en sådan metode. Resultatet som er beskrevet i Paper I er et program (makro) 

skrevet til det digitale billedebehandlings- og analyseprogram Image Pro Plus der er i stand 

til måle de fysiske dimensioner af celler og tælle antal af foci inden i samt måle disse foci•s 

intracellulære positioner. 1000 celler bliver talt og målt på cirka 3 minutter. 

Udviklingen af denne hurtige og pålidelige metode satte os i stand til at begynde 

analyser af positioneringen af forskellige kromosomale loci i langsomt voksende celler. Da 

det ikke længere var noget problem at tælle og måle et stort antal celler kunne vi nemt 

analysere 14 loci fordelt jævnt over E.coli kromosomet. Flere end 15.000 celler blev 

analyseret i alt. Resultatet er beskrevet i Paper II og viser med al tydelighed at kromosomet 

segregeres progressivt. En uventet forsinkelse i mellem replikation og segregation af 

kromosomet blev observeret og ledte til en ny model for timingen af segregationen af 

kromosomet (the Sister Loci Cohesion Model). Resultaterne præsenteret i Paper II 
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indikerer også at kromosomet ikke replicers i en central fabrik (factory) men af separerede 

replikationsgafler i bevægelse. Et resultat bekræftet af andre. 

Endelig har vi udviklet et nyt mærkningssystem til mærkning af kromosomale loci som 

er kompatibelt med det eksisterende system baseret på P1 par systemet. Dette nye system 

som er baseret på pMT1 par systemet fra Yersenia pestis har vi brugt til at mærke loci 

placeret på modsatte sider af E.coli kromosomet (hver side af origin) og vist at E.coli

kromosomet er organiseret med en kromosomal arm i hver cellehalvdel. Dette utrolige 

resultat er beskrevet i Paper III. 

Ved at sammenholde resultaterne fra dette Ph.D-studie med eksisterende data kommer 

jeg frem til følgende skitse for kromosomets organisering i langsomt voksende E.coli:

Kromosomet i langsomt voksende E.coli celler er organiseret med dets origin i midten 

af den nyfødte celle. Herfra går de to kromosomale arme (de to halvdele af det cirkulære 

kromosom) ud til hver sin side således at den ene arm er i den ene cellehalvdel og den 

anden arm i den anden cellehalvdel. Terminus er ved cellens nyeste pol men migrerer til 

midten af cellen kort tid efter celledelingen. Replikationen bliver initieret ved 

kromosomets origin i midten af cellen. De duplikerede origins forbliver sammen for en tid, 

hvorefter de migrerer i hver sin retning til de to kvartpositioner i cellen. Idet de to origins 

migrerer fra midten adskilles også de to replikationsgafler som indtil da har befundet sig i 

centrum af cellen. Herefter fordeles de temmeligt tilfældigt omkring midten men på hver 

side af den. De løber givetvis langs hver deres kromosomale arm i hver deres halvdel af 

cellen. Det duplikerede DNA som skabes efterhånden som de to replikationsgafler 

replicerer hver deres arm forbliver sammen for en tid der hvor de blev repliceret; ligesom 

det var tilfældet for de to origins. Denne forsinkelse i mellem replikation og separation er 

den samme for alle loci. Segregationen af kromosomerne er derfor progressiv med en 

hastighed der nøje svarer til hastigheden af replikationen skønt segregationen dog er 

forsinket i forhold til replikationen. Efter forsinkelsen vil ét af de replicerede loci 

segregeres til den anden side af cellecentrum hvorimod den anden bliver hvor den er. Det 

er således tilsyneladende kun den ene datter-streng der segregeres i hver cellehalvdel. 

Denne måde at segregere kromosomerne på fører til sidst til at de to kromosomarme i hver 

deres cellehalvdel placeres på hver deres side af cellens kvartposition. Til sidst mødes 

replikationsgaflerne ved terminus i midten af cellen og replikationen er tilendebragt. 

Terminus segregerer ikke før celledelingen, hvorefter den migrerer til midten af den nye 

celle og udgangspunktet for kromosomorganiseringen er genskabt.  
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1 Introduction 

In this chapter I present basic knowledge important for understanding chromosome 

dynamics. I begin with the cell cycle of bacteria. Then follows a description of the 

different methods used to label and follow chromosomal loci in the cell and a presentation 

of the current models on chromosome segregation. Looking at the position of the 

replication forks is of great interest when studying chromosome dynamics and is discussed 

separately in the following section. Lastly I describe the published data that have led to the 

different models on chromosome segregation and give a complete review of the present 

results and opinions on chromosome organization and segregation in E.coli.

I show how incompatible many of the reports on chromosome dynamics in E.coli are, 

and in a search for a consensus try to isolate the published data that in general is in 

agreement as well as sort out where the individual authors could possibly be wrong. From 

this and from our own results I conclude on the actual organization of the E.coli

chromosome and establish new models that explains not only the latest results in the field 

but also many of the older results.  

1.1 The cell cycle 

The cell cycle refers to the cyclic progression of macromolecular events leading to cell 

division and to two basically identical daughter clones. These events repeat themselves in 

the daughter cells leading to division once again and four new clones one generation later. 

Therefore it is referred to as the cell cycle as it is a cycle of events that repeats itself in 

every cell from newborn to division. In a balanced culture where all rate coefficients are 

constant and equivalent, these events are basically the same in each and every cell, 

although the natural variation from clone to clone is significant (Koch, 1996). When 

discussing the cell cycle of E.coli often only the DNA replication is considered although 

the cell cycle embraces all events leading to the cell division. In this thesis too the 

emphasis will be on the parts of the cell cycle that involves replication as well as 

segregation of the DNA.  
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1.1.1 Defining the cell cycle 

The cell cycle of the E.coli cell is essentially defined by the inter-initiation time (I), which 

is the time it takes for the cell to build up an initiation potential. This potential is reached 

when the cell reaches the initiation mass (Donachie, 1968); a mass that does not vary 

considerably with the growth rate (Koppes and Nanninga, 1980). Once the initiation mass 

is achieved the cell initiates DNA replication from all origins (Skarstad et al., 1986), and 

the replication period (C) begins. This period is followed by the D-period which is the 

period from termination of replication to cell division. When the cell initiates replication it 

immediately begins building up the next initiation potential which will lead to the next 

initiation of replication after one inter-initiation time I. Hence in balanced growth the ‘cell 

cycle is a cyclic achievement every I minutes of the capacity to initiate chromosome 

replication followed by cell division C+D minutes later’ (Helmstetter, 1996), and the 

generation time �W is dictated by and equal to the inter-initiation time I. Thus the events 

required for division often begins before the previous division (when C+D>I).  

At slow growth rates the cell cycle is very simple: At some time after cell division the 

initiation potential is achieved. When no DNA replication is ongoing in this period as it is 

the case at very low growth rates, this period is referred to as the B-period. Then the cell 

initiates its only origin, the B-period ends and the C-period begins. DNA replication is 

terminated C minutes later and the cell finally divides after further D minutes segregating 

two non-replicating chromosomes to each daughter cell. B-periods are often seen in E.coli

B/r strains at slow growth but only observed for the K-12 strains at very slow growth 

(Michelsen et al., 2003), for example in minimal succinate media. 

When C+D equals I there is no B-period as cells initiate at cell division. If C+D>I and 

C<I initiation occurs before cell division but after termination of the previous round of 

replication. Hence replication is initiated from two origins and daughter cells receive a 

replicating chromosome but there is no overlapping replication, i.e. chromosomes do not 

have more than two replication forks at any time. This can be observed when E.coli K-12 

grows in minimal glycerol media. 

At moderate growth rates where C�•I there will be ongoing replication in the cell at all 

times as the previous round of replication will not terminate before the next begins. 

Daughter cells will in this case receive well replicated chromosomes. Many E.coli strains 

show continuous replication (C~I) when grown in minimal glucose media (Michelsen et

al., 2003). When C>I replication of chromosomes is initiated before the previous round is 

terminated resulting in multi fork replication, i.e. when the same chromosome is being 

replicated from several positions by 6 replication forks or more (as many as 14 forks can 

replicate from the same chromosome, at C�•2I) 
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At very high growth rates the replication of the chromosomes that are segregated to 

each daughter cell at cell division was initiated as much as 3 generations before. This 

example is true when realistically I, C, and D equals 20, 40, and 20 minutes. These cells 

are actually born with two separate chromosomes as the D-period leading to cell division 

starts at the previous cell division. Cells also initiate at cell division and are thus born with 

8 origins but only 1-2 termini. Such an extreme situation can for some strains be obtained 

by growth in L broth supplemented with glucose. 

The B-,C-, and D-periods of the bacterial cell cycle are often compared to the analogue 

phases of the eukaryotic cell cycle. One should be careful when doing such comparisons 

though. The D-period for example, which is the period from termination of replication to 

cell division, is often compared to the G2/M phase of eukaryotes, although they only share 

the fact that they lie in between termination of DNA replication and cell division. Bacteria 

don•t show any resemblance with the eukaryotic chromosome partitioning process.  

Consequently one should be careful comparing the bacterial D-period with the eukaryotic 

G2/M phase. When C+D>I, initiation of the next C-period takes place during the D-period, 

which is not possible in eukaryotes. Hence, in this case, any resemblance to the eukaryotic 

G2/M phase is gone and comparison of the two becomes meaningless. For that reason, 

only the B,C, and D terms are used in this thesis when referring to phases of the bacterial 

cell cycle. 

1.1.2 Initiation of replication 

Replication is initiated once and only once in the balanced bacterial cell cycle (Skarstad et

al., 1986). Initiation occurs when initiator proteins (DnaA) binds five 9-mer sequences 

known as DnaA boxes in the OriC region and create the initiation complex (Messer and 

Weigel, 1996). This happens when the cell reaches its initiation mass (Donachie, 1968). 

The initiation mass defined as the mass per origin where the cells initiate is constant for a 

given strain over a range of growth rates (Churchward et al., 1981). Initiation occurs from 

all origins in the cell almost at once with an extraordinary precise timing (Boye and 

Lobner-Olesen, 1991). Furthermore every origin initiates only once. As important as it is 

that the cell initiates every cell cycle from all origins, just as important is it to ensure that 

newly replicated origins do not immediately re-initiate but wait until the next cell cycle.  

This is regulated by the Dam and SeqA proteins. 

The function of the SeqA protein is to bind newly formed origins after initiation of 

replication and protect them from further initiation; a process called sequestration (Slater et

al., 1995). This process is part of the initiation mechanism that ensures that every origin is 

initiated once and only once when the initiation mass of the cell is achieved. SeqA 
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recognizes and sequesters the origins because the newly formed daughter origins, as well 

as newly formed DNA in general, are hemi-methylated at GATC sites. GATC sites are 

found throughout the chromosome of E.coli and normally methylated at the N6 position of 

the adenines on both strands by the methyl transferase enzyme Dam (Bakker and Smith, 

1989). Newly synthesized DNA formed during replication is only methylated on one 

strand because the other has just been created and not yet methylated. SeqA recognizes 

these hemi-methylated GATC sites and binds to them (Fujikawa et al., 2004), preventing a 

second initiation event at the origin (von Freiesleben et al., 1994). Eventually Dam will re-

methylate these GATC sites, but at that point the initiation potential has dropped because 

DnaA (the initiator protein) has been titrated by high affinity DnaA boxes on the newly 

formed chromosomes (Hansen et al., 1991). The time window where origins are 

sequestered and protected from re-initiation is referred to as the eclipse period and defines 

the theoretical minimal length of the inter-initiation time I. As expected the eclipse period 

shortens if Dam methylase is over expressed, indicating that the eclipse corresponds to the 

period of origin hemi-methylation (von Freiesleben et al., 2000). 

SeqA has two functional domains. An N-terminal multimerization domain (residues 1-

50) and the C-terminal DNA binding domain (residues 51-181)  (Guarne et al., 2002). It 

binds DNA as a dimer and oligomerizes on the DNA. Both features, the DNA binding as 

well as the ability to oligomerize, is important for the proteins function in initiation 

regulation in vivo (Guarne et al., 2005). As expected a strain deleted for either the SeqA or 

Dam proteins is asynchronous in its initiation of DNA replication as it is impaired in its 

ability to prevent re-initiation of newly formed origins (Boye et al., 1996; Boye and 

Lobner-Olesen, 1990). 

1.1.3 Elongation 

Once the replication has been initiated two so-called replication forks are formed at each 

origin. The replication forks replicate one arm of the chromosome each going bi-

directionally from the origin and meeting in the terminus region. The term •fork• is used 

because one double strand of DNA is coming in and two are coming out of the replication 

complex, thus forming a fork of DNA. The replication speed is constant from initiation to 

termination under normal conditions (Atlung and Hansen, 1993). 

The main component of the forks besides of course the DNA is the polymerase III 

holoenzyme which does the actual strand synthesis. There are two active holoenzymes, 

each synthesizing one new daughter strand using one of the parental strands as template 

(semi-conservative replication). In front of the holoenzymes the DNA is melted by DnaB 

and single stranded DNA is protected by the single strand DNA binding protein SSB until 
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it reaches the polymerase. As the polymerase III can only add deoxy ribonucleotides to the 

3•-hydroxyl end of the DNA, there will be a leading and a lagging strand. The leading 

strand is the 5•-3• strand that is continuously replicated. The other strand is in the 3•-5• 

direction and is replicated discontinuously in so-called Okazaki fragments before they are 

ligated (Okazaki and Okazaki, 1969). Before and after the forks topoisomerases act to 

release the helical tension created by the replication. 

Knowing the physical position of the replication forks in the cell is important for 

clarifying the spatial dynamics of chromosome replication and segregation and is discussed 

separately later. 

1.1.4 Termination of replication 

Termination occurs when the replication forks collide in the TerC region of the 

chromosome opposite to the OriC. ter sites in the terminus region ensures that one fork do 

not go through the terminus region but stop and wait for the other fork (Pelletier et al.,

1988). Upon termination the two completed chromosomes will be interlinked, or catenated 

(Sundin and Varshavsky, 1981). Before they can be segregated they have to be de-

catenated. This is done by topoisomerase IV (Deibler et al., 2001). Occasionally sister 

chromosomes will recombine and form one dimeric structure. This has to be resolved into 

two separate chromosomes before the chromosomes can segregate. Resolution happens at 

the 28 base pair recombination site dif site in the terminus region by the XerC and XerD 

resolvases (Sherratt et al., 2004). FtsK is responsible for recruiting the resolvases to the dif

site (Massey et al., 2004). FtsK is a very large 1329 aa protein that is vital for the cell. It 

consists of two domains separated by a long ~700aa linker. The ~500 aa C-terminal 

domain activates the Xer recombination complex in a ATP-dependent manner. It is 

however the ~200aa N-terminal membrane spanning domain of the protein with unknown 

function that is vital for the cell (Wang and Lutkenhaus, 1998). 

1.1.5 Determining cell cycle parameters 

The cell cycle was originally measured using synchronized cells (Helmstetter and 

Cummings, 1963). Synchronized cells are all at the same point in the cell division cycle; 

all initiating at the same time and all dividing at the same time etc. Hence by taking 

samples from a culture of synchronized cells at different points in time the variation in cell 

size and DNA content through the cell cycle can be determined.  

 Synchronized cells can be obtained from so-called baby machines. A baby machine is 

as it implies a machine that produces newborn •baby• cells. A popular technique used in 

baby-machines for much of the work on bacterial cell cycle research is the membrane 
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elution technique. Cells are attached to a nitro cellulose membrane, optionally coated with 

poly-D-Lysine. The immobilized cells grow and divide normally on the filter when 

continuously flushed with fresh media releasing newborn cells into the effluent (Cooper 

and Helmstetter, 1968; Helmstetter et al., 1992; Helmstetter and Cummings, 1963). These 

newborn cells are then collected and grown in small batches. Cell growth and division are 

measured with standard techniques (optical density, colony forming units etc.) and DNA 

synthesis periods and synthesis rates are determined by for example measuring the 

incorporation of radioactive or fluorescent nucleotides. These kind of experiments were 

popular in the 70•es and revealed most of the basic knowledge on the bacterial cell cycle 

(Helmstetter and Pierucci, 1976; Pierucci and Helmstetter, 1976) 

Today bacterial cell cycle parameters are nearly always measured using a flow 

cytometer. In the 80•es flow cytometry became sensitive enough to be used on bacteria. In 

the flow cytometer cells are flushed in a water beam rapidly across a microscopy slide. 

Before the cells are put in the flow cytometer they are fixed and the DNA is labeled with 

fluorescent dyes. As they pass across the slide in the flow cytometer they are exposed to a 

beam of exciting light and fluorescence is measured for each cell as well as light scatter. 

These two values are directly proportional to the DNA content and the cell size 

respectively. Methods were developed to use this technique on E.coli revealing detailed 

information on the relationship between DNA content and cell size (Boye et al., 1983). 

Using computer simulations of the cell cycle based on the knowledge of the cell cycle 

obtained from the early experiments using synchronized cultures and fitting these to 

experimentally obtained DNA distributions from a flow cytometer it ultimately became 

possible to analyze a sample of exponentially growing cells and determine the length of the  

C, D and B periods directly (Skarstad et al., 1985).  

The implementation of flow cytometry made it possible to take a sample from any 

exponentially growing culture in any experiment and determine the cell cycle parameters 

for that particular culture. That has been used in this work to verify that any culture used 

for a chromosome segregation study is growing normally and to determine the C and D 

periods directly in that culture, and not from some other experiment. 

The model used in this work to simulate the cell cycle parameters from the DNA 

distribution of exponentially growing cells and to determine the length of C and D periods 

is slightly different from the one used and described by Skarstad (Skarstad et al., 1985). 

Skarstad assumed that the coefficient of variation is the same for all measured DNA 

contents. It has however been shown recently that this assumption is possibly incorrect 

(Michelsen et al., 2003); instead there is a described linear correlation. Changing the 

assumption on the variation of DNA content gives better simulations and better 
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determinations of the cell cycle parameters (Michelsen et al., 2003). This modified version 

of Skarstad•s original model has been used in the present work.  

1.2 Applied chromosome labeling techniques 

Most of the present knowledge on bacterial chromosome dynamics is based on the 

development 10 years ago of techniques for labeling chromosomal loci inside the cell, 

techniques that practically revolutionized the field. They have been used to visualize the 

position of the origin, the terminus or other markers in cells under different conditions. The 

results from these labeling experiments form the basis for all of the models on 

chromosome segregation. Here follows a short description of them including the one used 

in this work. 

1.2.1 The repressor / operator system 

In 1997 the first system capable of visualizing the position of specific parts of the 

chromosome inside the living cell was published for bacillus subtilis (Webb et al., 1997) 

and later the same year for E.coli (Gordon et al., 1997). The authors inserted 256 tandem 

repeats (Straight et al., 1996) of the lactose operon operator into the chromosome near the 

origin or terminus of replication. Then they fused the green fluorescent protein GFP to the 

lac repressor LacI and expressed the fusion protein from a plasmid. The repressor fusion 

protein bound the operator repeats and resulted in green fluorescent foci at either the origin 

or the terminus. This was the first time specific and discrete DNA loci had been visualized 

in living cells of E.coli. The system was however quite genetically unstable as the tandem 

repeats tended to cross out by homologous recombination. For that reason the first system 

was developed in a strain incapable of doing any homologous recombination. A system 

was later developed without this problem by inserting 10 bp of random sequence between 

240 repeats (Lau et al., 2003).  

This system is only capable of visualizing one locus, or alternatively more loci but all 

using the same color. The single color restriction of the Lac operator/LacI-GFP system was 

later circumvented by using it in combination with a similar system using the tetracycline 

operator and repressor (Lau et al., 2003) or a system using the phage lambda c1 

repressor/operator (Fekete and Chattoraj, 2005). 

1.2.2 Fluorescent In Situ Hybridization 

In 1998 the first results using Fluorescent In Situ Hybridization (FISH) to visualize the 

DNA loci was published from Hiraga•s lab (Niki and Hiraga, 1998). The method uses 
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specific fluorescent DNA probes that are hybridized to the chromosomal DNA inside fixed 

and gently lysed cells. This method has the advantage that several distinct loci can be 

labeled at once. On the other hand a major downside is that cells have to be fixed and are 

completely dead introducing the possibility of artifacts and excluding the possibility of 

doing time-lapse experiments. The FISH technique was soon adapted to other organisms 

such as Caulobacter crescentus (Jensen and Shapiro, 1999) and used with success. The lac

operator/LacI-GFP system was eventually made for the C. crescentus too and actually 

showed to produce results comparable with the FISH method (Viollier et al., 2004). 

1.2.3 P1 partitioning system 

A third system was developed and published in 2002 (Li et al., 2002). This system is based 

on the partitioning system of the plasmid phage P1. The plasmid contains a sequence parS

that is bound by the P1 encoded ParB protein. The ParB protein spreads out from the parS

to the adjacent DNA. Hence when labeled with GFP, ParB forms fluorescent foci inside 

the cell if a parS sequence is present. ParA binds to the ParB and is required for normal 

partitioning, but Li at al. made a truncated version of the ParB removing the first 30 amino 

acids from the protein making it incapable of binding to the ParA protein, though still 

capable of binding parS and forming foci in the cell.  

This method has the advantage over the FISH method that it works in living cells. It 

also has an advantage over the repressor/operator system since it is completely genetically 

stable, and the parS site is small and easily inserted in any strain (286 bp for the parS

containing insert compared to 7440 bp for 240 lacO repeats). On the downside however it 

only allows one color, so only one locus can be visualized at a time.  

Very recently a similar system using the pMT1 ParB and parS was developed in our 

lab (Nielsen et al., 2006). This system is completely compatible with the P1 labeling 

system and thus provides the possibility of visualizing two different loci with two different 

colors at the same time. 

1.2.4 Data acquisition 

When labeling specific loci of the chromosome using any of the techniques described 

above the cells have to be analyzed by fluorescence microscopy in order to produce images 

that can be measured for intracellular positions of the labeled DNA. Usually a combination 

of phase contrast and fluorescence microscopy is used. The first shows the outline of the 

cell very clearly, and when the fluorescent image is overlaid on the phase contrast image 

the exact position of the foci inside the cell can be easily measured.  
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Phase contrast microscopy is very suitable for this purpose as it produces clearly 

defined cells with high contrast and does not have the problem of creating shadows as 

Differential Interference Contrast microscopy does. Alternatively membrane dyes can be 

used and thus foci as well as the cell outline determined by fluorescence microscopy alone. 

This is theoretically a better solution as it reveals the true outline of the cell. In phase 

contrast microscopy the cell to background boundary, which is the one used for 

measurements, is not necessarily the same as the true cell outline because of the •Halo• 

effect of phase contrast microscopy. This is nevertheless the preferred method. Cell 

membrane dyes can arguably interfere with cell physiology although that would not be a 

problem in FISH experiments.  

The inaccuracy in using phase contrast microscopy for determining cell outlines can be 

minimized and at least kept constant for all cells by maintaining a high level of cell to 

background contrast and by defining the boundary between cell and background using a 

threshold value calculated on the basis of this contrast value consistently for all cells 

(Paper I). Unfortunately it is usually not reported how the cell outline is determined in 

experiments using phase contrast microscopy. Hence it is difficult to know how much 

variation in the end result is introduced from this step. 

Measurements of the position of foci inside the cell consist very often only on 

measuring the distance from one pole to the center of each focus. These measurements are 

almost always done manually, aided by some software (MetaMorph, Object Image, IP Lab 

Spectrum, Image Pro Plus etc.). The user will manually determine where the poles and foci 

centers are, and the software will then calculate the pole to foci distances. The method of 

determining where the poles and foci are, if any, is never reported. What is the pole? Is it 

the very end of the cell, the point where it starts converging, or somewhere in between? 

That is usually decided by the person operating the software and therefore a lot of variation 

is expected to be introduced in this step.  

As a part of this thesis I have developed a fully automatic method of measuring cell 

outline, size, and position of foci. Not only does that minimize the variations associated 

with the manual methods mentioned above, but more importantly it speeds up the process 

tremendously. 1000 cells are measured in less than five minutes, a task that would take at 

least 4 hours using the old manual method. The method is described in Paper I. 

1.3 Models for Chromosome Segregation 

In the following the different major models presented by scientist in the field of bacterial 

chromosome segregation during the last 10 years is presented. Only a brief and general 
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description is given as details on the results supporting or disputing the different models 

are reviewed in later chapters. 

1.3.1 The Extrusion-Capture Model 

This model was originally described in 1974 (Dingman, 1974) but was refined and given 

the present name in 2001 (Lemon and Grossman, 2001). Basically it assumes that much of 

the force necessary for separating the two daughter chromosomes is provided by 

replication itself. The nascent chromosomes forming in the trail of the replication are 

completely relaxed, unfolded, and untangled. This is therefore the perfect time to separate 

the chromosomes. For many years the DNA polymerases was thought to track along the 

DNA inside the cell, replicating the DNA along the way. This model however assumes that 

the two replication forks involved in the bi-directional replication of the chromosome are 

linked together and positioned in the center of the cell (Figure 1.1A). The forks stay there 

throughout the replication pulling the DNA in for replication and pushing, or Extruding, 

the nascent chromosomes out. This is the central replication factory. If the replication 

factory is in fact held in place by somehow anchoring it to the cell membrane or some 

structure present at the cell center, the assumption is liable that it could progressively pull 

the entire chromosome through the factory (Lemon and Grossman, 2001). In order for 

segregation to take place it is important that the forming chromosomes are directed to 

opposite cell halves. The Capture-Extrusion model state that if only the origins are directed 

away from the middle and Captured at the quarter positions the rest of the DNA will 

automatically follow, condensing around the captured origins and eventually form the new 

nucleoids. Hence the most important events in this model is the replication at a central 

replication factory, the directed extrusion of the newly formed DNA away from the factory 

and the capture and holding of the chromosomes (see (Sawitzke and Austin, 2001) for a 

review).  

1.3.2 The Sister Chromosome Cohesion Model 

In opposition to the widely accepted Extrusion-Capture model Hiraga and coworkers have 

proposed the Sister Chromosome Cohesion Model (Hiraga et al., 2000; Sunako et al.,

2001). This Model describes the segregation process in a way that is much more similar to 

the segregation of eukaryotic chromosomes. Chromosomes are thought to stay paired 

together for the entire or much of the replication period and then actively segregate as a 

unit before the cell divides (Figure 1.1B). This would require an additional and so far 

unknown segregation mechanism in the cell. Mitotic like spindles have been proposed but 

no evidence for their existence presented. The consensus seem to be that chromosomes 
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stay cohered together 1/3-2/3 of the C-period (Molina and Skarstad, 2004; Sunako et al.,

2001). They are then separated before the rest of the replication runs to termination.  

An implication of this model is that the replication forks do not have to be centrally 

located; in fact they would be expected not to be but to track along the DNA. Determining 

the location of the replication forks has therefore been an important factor in finding the 

correct model and will be discussed separately.  

1.3.3 The Sister Loci Cohesion Model 

This is the model proposed by the author of this thesis based on the results of this work and 

presented in the accompanying Paper II. It is to some extent a hybrid of the two previous 

Figure 1.1 Two models for chromosome segregation. 

A. The extrusion…capture model: after initiation from the central •factory site• (open triangle) the origins (circles) move out
toward the poles followed by the newly replicated sequences (thin lines). Unreplicated DNA (thick line) is fed into the 
factory, and the terminus (square) is drawn to the cell centre toward the replication forks (closed triangles). Chromosome
markers are segregated progressively as they are replicated, finishing with the terminus. 
B. The sister chromosome cohesion model: after initiation, the sister sequences cohere and become paired along their length
as they are replicated. Late in the cell cycle, the origin and other markers segregate together.   One version of the model is
drawn. In a variant, the sister regions pair as shown, but the replication forks remain at the cell centre (Hiraga et al., 2000).
Figure and text taken directly from (Li et al., 2002) 
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models. It only considers the temporal relationship between replication and segregation. 

The spatial relationship is described next in the Home and Away Segregation Model. 

 Duplicated loci stay paired together for some time after replication. After a delay they 

are then segregated to opposite sides of the cell center. This delay is constant for all loci, so 

that segregation is progressive and happens at the same rate as the replication but with a 

temporal offset equal to the delay. During this delay the cell has time to do any repair and 

other recombinational activities that require two homologous double stranded DNA 

molecules. Once separated the two chromosomes do not go back across the middle.  

This model resembles the Sister Chromosome Cohesion model in that they both 

suggest cohesion of daughter chromosomes. However where the later propose that the 

cohesion is maintained for the entire length of the chromosomes and then lost at once as 

chromosomes are separated as units this model suggests that sister cohesion is lost 

progressively from the origin towards the terminus following replication but delayed with 

respect to it.  

The idea of progressive segregation on the other hand resembles the Capture-Extrusion 

model. There is a major difference though. As the segregation of loci are delayed 

significantly compared to their replication in this model the process of replication is not 

likely to drive the segregation. Hence another so far unknown segregation mechanism is 

needed.  

1.3.4 The Home and Away Segregation Model 

This model is also a result of the present work. It is based on the results presented in the 

accompanying papers II and III as well as the recent work of Wang and coworkers (Wang 

et al., 2005). 

The chromosome is organized with the origin and the terminus at the middle, one arm 

of the chromosome in one half of the cell and the other arm in the other half (Nielsen et al.,

2006; Wang et al., 2006). Since the origin is in the middle initiation occurs here. As 

replication progresses the forks separate and migrates in opposite directions following the 

organization of the chromosome and ends up in separate cell halves. They eventually come 

back to the cell center at termination of replication as the terminus is located here. The 

replication forks track along the DNA duplicating loci at the intracellular position in which 

they are located. As described previously for the Sister Loci Cohesion Model, loci are 

thought to stay together for a while before they segregate although that is not critical for 

this model. Once sister loci segregate one stays where it is, this is the Home locus, and the 

other is taken to the other half of the cell - that is the Away locus. The Away locus is put 

just on the other side of the cell center on the inside of the DNA already present in that cell 
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half. The segregation pattern is the same for the other arm of the chromosome replicated 

by the other fork in the opposite half of the cell. The pre-division cell will thus have two 

chromosomes, one in each cell half. They each consist of two arms: One that stayed Home 

and one that came from the fork in the other half of the cell (the Away-copy of the other 

chromosomal arm). The Home loci are close to the old poles and the Away loci are close 

to the division septum. Thus the original configuration is restored. 
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1.4 Position of replication 

The identification of the position of the replication forks is important for testing the models 

described above. If the forks are not located together in a central factory throughout the 

replication period, basic central factory models as the Extrusion-Capture model are 

incorrect. Note that the position of the replication forks has not been under investigation 

directly in this thesis, but speculations about their positions can be inferred from the 

results.  

1.4.1 Visualizing the replication forks directly 

Lemon and Grossman have visualized the PolC subunit of the replisome in Bacillus

subtilis presenting evidence supporting the central factory model. The position of the 

replication apparatus was visualized directly using a fusion protein consisting of the 

catalytic subunit PolC fused to the fluorescent protein GFP (Lemon and Grossman, 1998). 

This PolC-GFP protein supported DNA replication in vivo and localized as discrete foci in 

the cell only when the cell was replicating its DNA. In slowly growing cells there was 

mostly only one focus that always localized to the middle of the cell. Some cells had 2 foci 

which localized to the quarters. At faster growth rates cells had more foci, but they always 

localized as one focus in the middle, two foci at the quarters or a combination with one 

focus at each quarter and one in the middle. These data suggested that replication takes 

place in a stationary replisome in the middle of the cell and that the DNA is pulled 

through, as originally proposed by Dingman (Dingman, 1974). Lemon and Grossman have 

further presented proof of this theory by looking at the position of a specific chromosomal 

region where the replication was blocked (Lemon and Grossman, 2000). The DNA in this 

replication block localized to mid-cell and was shown to co localize with the DNA 

polymerase tau subunit. Upon release of the replication block the chromosomal region 

duplicated and migrated to the cell quarters.  

However, as correctly pointed out by Hiraga and coworkers (Hiraga et al., 2000), the 

results by Lemon and Grossman can easily be re-interpreted as replication forks separating 

from the middle to the quarters. Since Lemon and Grossman do not relate their results to 

the cell cycle and cell length or in other ways satisfyingly justify that the two PolC-GFP 

foci could not have represented only one replicating chromosome, their results can be 

interpreted as either fixed or separating and migrating replication forks. Similarly the 

replication block results can be challenged and claimed to support the sister chromosome 

cohesion model. Since the locus under investigation is rather close to the origin it is likely 

to replicate at the middle of the cell according to models with migrating replication forks 
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as well. Also, we question the conclusion that replication takes place in the middle just 

because the blocked locus and it•s associated replication fork are found in the middle. It is 

possible that segregation takes place in the middle and that the replication block causes the 

stalled fork to get stuck in the segregation apparatus located in the middle of the cell. A 

hypothesis  supported by results from our lab on studies of segregation blocks (see section 

2.7).

These challenges to the results of Lemon and Grossman emphasize the importance of 

knowing the exact cell cycle in the cells under analysis. The position of forks has to be 

related to the progress of the replication in order to convincingly claim that forks are either 

fixed or migrating. An observation of two foci when C+D<I is clear evidence for migrating 

forks whereas if C+D>I it depends on the cell length of the cells containing two foci as 

pointed out by Hiraga and coworkers.  As it will be described in later sections, results 

concerning the dynamics of the chromosome are disturbingly often published without 

determining the basic cell cycle parameters. 

Bates and Kleckner visualized the polymerase directly in synchronized E.coli cells 

(Bates and Kleckner, 2005) with a DnaX-GFP fusion protein developed by Andrew Wright 

(Tufts University, Boston). In this study the cell cycle was determined and the authors 

showed that virtually all forks (DnaX-GFP foci) came a part 1/3 into the C-period. The 

separated forks localized rather haphazardly between the cell quarters. The cells were 

grown in minimal succinate media with C+D<I. Thus the results can only be interpreted as 

replication forks migrating away from each others. 

1.4.2 Using SeqA as marker for the replication forks 

SeqA does not only bind GATC sites in the origin as described earlier. Other hemi-

methylated GATC sites spread evenly throughout the chromosome are bound when 

properly spaced. SeqA binds a hemi-methylated GATC sequence if another sequence like 

it is present close to it on the same piece of DNA within three helical turns (Brendler and 

Austin, 1999). Furthermore binding only occurs when the two sequences follow specific 

spacing rules where optimal binding occur at spacings of 7, 12, 21, and 31 bp (Brendler et

al., 2000). Once bound further SeqA can oligomerize on to the SeqA-DNA complex. 

During the replication of the chromosome tracts of hemi-methylated DNA strands are 

formed behind the replication forks. The length of these tracts depends on the rate of re-

methylation by the Dam protein. Using kinetic data from the work of Campbell and 

Kleckner, Brendler et al. calculated that these tracts should consist of ~100 suitably spaced 

pairs of GATC sites (Brendler et al., 2000). Using immunostaining of fixed cells (Molina 

and Skarstad, 2004; Yamazoe et al., 2005) or a GFP-SeqA fusion protein in living cells 
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(Brendler et al., 2000; Onogi et al., 1999) these tracts can be visualized as foci in the cell. 

SeqA only forms foci in actively replicating cells (Hiraga et al., 2000). As expected the 

presence of Dam methylase is also required for formation of foci (Onogi et al., 1999) The 

number of foci depends on the growth rate and can be anywhere from 0 (no replication) to 

16 (Brendler et al., 2000; Molina and Skarstad, 2004). Each focus probably represents one 

of these tracts. 

As these tracts consist of newly formed DNA and newly formed DNA is expected to 

be found mainly at the replication forks, the SeqA foci are generally thought co localize 

with the replication forks. This assumption seems to be true as the SeqA foci co localize 

with newly formed DNA as shown by pulse labeling the DNA with 5-bromodeoxyuridine 

(BrdU) (Adachi et al., 2005; Molina and Skarstad, 2004).  

The reports on numbers and distribution of these clusters of SeqA molecules in the 

cells vary considerably. At a moderate growth rate in glucose minimal media scientists 

agree that cells have no foci or one SeqA-focus when newborn. This focus then seems to 

split up in two foci that jumps rapidly to the cell quarter positions (Brendler et al., 2000; 

Hiraga et al., 1998; Hiraga et al., 2000) as confirmed by time-lapse microscopy (Onogi et 

al., 1999). At faster growth rates in rich media the number of reported foci depends 

somewhat on the technique (GFP fusion or immunostaining) as well as the reporting 

laboratory. Accordingly Onogi et al. observed 2 to 4 SeqA-foci in cells growing in glucose 

media supplemeted with amino acids (Onogi et al., 1999) where Molina and Skarstad have 

reported up to 8 in a similar media (Molina and Skarstad, 2004). Brendler and Austin 

reported as many as 14 SeqA-foci in some cells growing in L media with the majority of 

cells having 4 to 8 foci (Brendler et al., 2000). Onogi et al. saw only 2 to 4 foci in a time-

lapse study of cells growing in similar media (Onogi et al., 1999).  

Figure 1.2 Separation of replication forks. 

Upper figure represents three-step temperature shifts for

synchronous initiation of only one round of chromosome 

replication. Lower figure represents the number of cells 

with SeqA foci. Approximately 300 cells were counted 

in each sample. Open circles, cells with one SeqA focus; 

open diamonds, cells with two closely located SeqA foci; 

solid circles, cells with two separated SeqA foci; open 

triangles, cells with three SeqA foci; solid triangles, cells 

with four SeqA foci. 

Figure and text taken from Yamazoe et al., 2005. 
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It is difficult to conclude anything about the number and positions of separated 

replication forks when reports vary so much, and accordingly most of these experiments 

really have not lead to any insight on whether forks come apart or not. 

One convincing study used synchronized cells (Yamazoe et al., 2005). The strain used 

had a temperature sensitive dnaC mutation allowing it to only initiate DNA replication at 

permissive temperature. By keeping the culture at non-permissive temperature and shifting 

it to permissive temperature briefly every 60 minutes, the cells become very synchronous 

in their replication. After 3 cycles most cells have only one chromosome which initiates at 

the shift to permissive temperature leading to cell division one generation later. After one 

such initiation, the number and position of SeqA foci were followed over time for one 

generation by immunostaining (Figure 1.2). At initiation there was one central focus, this 

then split up after 12 minutes (at 42 degrees) into two foci that migrated rapidly to the 

quarters. After 40 minutes the replication was terminated and the two foci merged in the 

middle as one. As there where only one round of replication initiated from a single origin 

each focus must have represented one replication fork and the results thus support a 

separating replication forks model. 

1.4.3 Visualizing newly replicated DNA in the cell 

Newly synthesized DNA in the cell has been visualized by pulse labeling the chromosome 

with 5-bromodeoxyuridine (BrdU). Subsequent fixation of the cells and immunostaining of 

the BrdU containing DNA reveals the position of the newly replicated DNA. In one study 

using this method newly replicated DNA was found either in the middle or at the quarters 

of the cell (Adachi et al., 2005) very similar to many of the reports on SeqA localization. 

Unfortunately the cell cycle parameters were not determined and the authors could not 

make any conclusions as to whether the replication forks were separating or if they were 

looking at separate replication factories at either the middle or the quarters.  

In another study the cell cycle parameters were in fact determined (Molina and 

Skarstad, 2004). The general result was that too few foci were seen to support either the 

separating fork or replication factory model. In stead the authors proposed a model with 

central replication super factories with as many as 8 to 12 polymerases equivalent to 4-6 

forks or 2-3 •normal• factories. Although that is not necessarily incorrect, the model is 

based on these results only and has not been confirmed by other experiments. 

Koppes and co-workers used electron-microscopic autoradiography of cells pulse 

labeled with 3H-thymine to visualize the position of newly replicated DNA (Koppes et al.,

1999). This was, in contrast to the experiments described above, done in an E.coli B/r 

strain. The cells were grown slowly with a very long B-period and replicating cells had 
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only two origins and two replication forks (as mentioned earlier B/r strains have shorter D-

periods and longer B-periods than K-12 strains). It was shown that newly replicated DNA 

is mainly found in the middle of the cell around the time of initiation. Halfway through the 

C-period the distribution of newly replicated DNA becomes very broad and in the end it is 

clearly off-center. From the results the authors conclude that most or perhaps all 

replication takes place at the cell center. The observation of broad distributions halfway 

though the C-period and onwards is justified by the presence of more than one class of 

cells; some replicating the terminus in the middle and others with replicated and separated 

termini. This explanation is plausible for the cells close to termination and division but 

does not satisfyingly explain why the distribution broadens already halfway through the C-

period. With the introduction of the Home and Away Segregation Model, the observations 

can easily be explained. The pulse duration was quite long, 10 minutes, so it is possible 

that the initial sister loci cohesion has been overcome at the time of sample acquisition. 

This assumption is supported by the fact that the D-period of these B/r cells were only 12 

minutes, hence the period of sister loci cohesion is probably less than that. If newly 

replicated DNA loci in cells in mid-C-period have escaped sister loci cohesion they will 

according to the Home and Away Segregation Model end up with one copy at the position 

of replication, that would be off-center for intermediate loci replicated in the mid-C-period, 

and the other locus would end up just across the cell center. That goes for the other fork 

too, resulting in newly replicated DNA being present at the quarters and the center. Add 

some cell to cell variability of the position of the forks and the replicated markers, and you 

end up with a quite broad distribution of newly replicated DNA in the cells; exactly as 

reported by Koppes and colleagues.  

1.4.4 Replication forks can separate 

As described a lot of work has been done on determining the position and dynamics of the 

replication forks. There is broad agreement on the position of forks; separated or not they 

tend to localize to mid-cell or the quarters. When there are more forks, the pattern is less 

obvious and poorly investigated. The reports on the number of forks are more divergent for 

all growth rates and very often not correlated to the cell cycle making interpretations on 

fork associations impossible. 

Two experiments using synchronized cells with only one replicating chromosome have 

shown that initiation occurs in the middle and that forks migrates in opposite directions 

towards the quarter position by visualizing forks directly (Bates and Kleckner, 2005) or 

indirectly (Adachi et al., 2006). These results are very convincing if not definitive, leaving 

us with no doubt that forks can separate during replication. The question is if that is normal 
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or only occurs at low growth rates. The results are contradicted by those of Molina et al.. 

These results are for faster growing cells though, which might possibly explain the 

difference. According to Bates and Kleckner the forks are very dynamic once separated, 

and not located at a fixed quarter positions. That would fit well with the idea of forks 

tracking along the DNA. This study is one of very few where the actual polymerase has 

been labeled and should thus be weighted accordingly. Adachi et al. do not describe the 

localization pattern of the SeqA foci in their study. 

In this thesis focus is on the simple cell cycle with just one replicating chromosome. 

Under these conditions it is not only possible but very likely that replication forks separate. 

1.5 Dynamics and organization of the replicating chromosome 

The development of these techniques for visualizing DNA loci in bacteria has accelerated 

the research in chromosome dynamics tremendously. The following is a mini-review of 

most of the important discoveries including the results from this work. Focus is on the 

location of chromosomal markers in the cell. The relation of this information to the 

dynamics of the replication forks will be summed up in the discussion.  

1.5.1 The origin 

The pioneering work of Gordon and co workers in 1997 showed that the origins are mainly 

located very close to the cell poles (Gordon et al., 1997). This was the first paper where 

DNA loci had been visualized in living cells of E.coli, and they used the lacO/LacI-GFP 

system. There were however several factors in the study that made the results questionable. 

First of all, although the experiments where ground-breaking and original for the time, the 

quality of the pictures were not very good compared to later published results from similar 

experiments. It is doubtful that they were able to recognize all foci in all cells. But more 

importantly the authors did not know the cell cycle parameters. Hence they did not know 

how many origins to expect. The fact is that they only observed cells with either 2 or 4 foci 

but the cells likely had at least from 4 to 8 origins (Michelsen et al., 2003). Perhaps the 

cells were sick or in another way affected by the labeling system used, in which case the 

value of the observations are dubious. Supporting that the cells were affected and not 

growing normally is the size distribution of the cells. They were grown in LB and thus 

expected to be quite large, but reported to be in the range of 1-2 µm, which is a lot smaller 

than normal (Begg and Donachie, 1978). Except from one study from the same lab 

(Gordon et al., 2002), the result that the origins are located at the cell poles were never 

reproduced. No other group has published similar results for E.coli. It has later been shown 
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repeatedly that the origins normally are located in the middle, at the quarters  or at the 1/8, 

3/8, 5/8 and 7/8 positions of the cell depending on the number of loci in the cell (Lau et al.,

2003; Li et al., 2002; Niki et al., 2000; Niki and Hiraga, 1998)  

Another of the very first experiments where the location of origin and terminus was 

determined in growing cells of E. coli used FISH of fixed cells (Niki and Hiraga, 1998). In 

this study the origin was found to be located in one end of the nucleoid at cell birth and the 

terminus in the opposite end. The terminus was very near the cell pole whereas the origin 

was somewhat closer to the quarter position due to the asymmetric position of nucleoids in 

newborn E. coli cells. They further found that the origin appeared to duplicate at the 

quarter position where after one stayed and the other went to the other quarter. This is in 

contrast to later publications where the origin usually duplicates at mid-cell. The terminus 

migrated to mid-cell around the time where the origin duplicated. The authors verified the 

results in a later publication where they also showed that only the cells growing at a 

moderate growth rate (52-55 min doubling time) had the origin towards the old pole when 

newborn (Niki et al., 2000). At lower growth rates the cells where born with the origin at 

mid-cell. Apparently it localized to mid-cell before initiation of replication. Presumably the 

faster growing cells did not •have time to• put the origin at mid-cell prior to initiation. The 

results by Niki and Hiraga are quite convincing. They do not determine the cell cycle 

parameters however, but nor do they claim to present evidence for any of the chromosome 

segregation models.  

Later publications on the position of the origin have in general confirmed the above 

observations (Bates and Kleckner, 2005; Lau et al., 2003; Li et al., 2002; Nielsen et al.,

2006a; Wang et al., 2005). Li and coworkers showed that origin labeled with the GFP-

parB/parS system separated after initiation with a delay of 1/5 of the generation time and 

localized to the cell quarters in cells growing in minimal glucose media supplemented with 

low levels of casaminoacids (Li et al., 2002). Even at faster growth rates the origins are at 

the quarters when present in two copies (Lau et al., 2003). These cells end up with 4 

origins at the 1/8, 3/7, 5/8 and 7/8 positions. The off center positioning of the origin 

towards the new pole at cell birth has been reproduced at very slow growth rates (Bates 

and Kleckner, 2005). The origin will under these conditions migrate to the cell center 

before it is duplicated. 

The consensus is thus that in slow growing cells the cell has one origin at the cell 

center at cell birth or soon after. This origin duplicates and migrates to the quarters, 

perhaps all the way to the poles of the nucloid. When it divides the cell once again has one 

origin at or close to the center. Less evidence exists for faster growing cells, but it seems 
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that the pattern is very much the same, i.e. they start out having 2 origins, one at each 

quarter that duplicates and end up at the 1/8, 3/7, 5/8 and 7/8 positions 

1.5.2 The Terminus 

Pre-division cells 

The terminus is without doubt located in the center of the cell before cell division (Bates 

and Kleckner, 2005; Gordon et al., 1997; Lau et al., 2003; Li et al., 2002; Li et al., 2003; 

Nielsen et al., 2006; Niki and Hiraga, 1998). The terminus also duplicates at mid-cell and 

the two sister copies stay there until and usually beyond cell division (Nielsen et al., 2006; 

Niki et al., 2000; Niki and Hiraga, 1998). FtsK is believed to play a role in positioning the 

terminus in the middle, supported by the results of Li and coworkers where they showed 

that an ftsK C-terminal deletion mutant often did not position the terminus properly (Li et

al., 2003). 

Lau et al. reported that the terminus is asymmetrically positioned relative to the middle 

of the cell, very often being on the new pole proximate side of the center (Lau et al., 2003). 

They showed that the FtsZ-ring assembles at the middle/quarter prior to the migration of 

the terminus from the pole/middle, and that the terminus stays on the inner side of the 

FtsZ-ring.   

Post-division cells 

The terminus is found close to the new pole in newborn cells (Niki and Hiraga, 1998) and, 

depending on the growth rate, it migrates to mid-cell soon after cell division. It appears 

that at faster growth rates this migration happens almost instantly after division (Li et al.,

2003; Niki and Hiraga, 1998) whereas in slower growing cells the terminus can stay at the 

end of the nucloid for as much as half a generation (Li et al., 2003). 

This migration, often referred to as a •jump• as it is a very rapid movement, has been 

reported to coincide with another jump in the cell in a FISH experiment using slowly 

growing synchronized E.coli cells (Bates and Kleckner, 2005). The duplicated origin copy 

that resided in the same half of the cell as the terminus (i.e. is the new pole half) was found 

to locate between the quarter and mid-cell soon after duplication of the origin foci. At the 

same time the other origin localized to the quarter in the other half of the cell and the 

terminus was still at the pole. When the terminus •jumped• to the middle of the cell, the 

origin in the same half of the cell made a smaller jump to the quarter position where after 

the two origins where positioned symmetrically at the quarters and the terminus in the 

middle. 
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Assymetric distribution of terminus proximal markers   

Wang et al. found that terminus proximal markers were very often positioned 

asymmetrically. A locus 200 kb left of the dif site was frequently found close to the pole in 

one end of the cell and a locus 200 kb to the right of dif in the other end close to the other 

pole (Wang et al., 2005). Both these sites are in the terminus region and fairly close to the 

dif site, and they separate very late in the cell cycle. It was surprising to find that two loci 

positioned only 400 kb from each other are located in each end of the cell. Naturally the 

DNA in between, containing the dif site, has to span the nucloid from one end to the other. 

In time-lapse they further showed that these loci migrated from the pole to the middle at 

the time of replication and then one stayed in the middle and the other returned to the pole 

it came from.  

Based on this discovery Wang et al. (2005) proposed a model where the entire left arm 

of the chromosome is in the left half of the cell and the entire right chromosomal arm is in 

the right half with the origin and terminus in the middle connecting the two halves. 

Following initiation the origins migrates to the quarter positions and the replicated left 

chromosomal arm goes to the outside of the left origin and on the inside of the right origin 

where as the right chromosomal arm goes to the outside of the right origin and to the inside 

of the left origin after duplication. This way of organizing the DNA would ensure that the 

origin and terminus ends up in at the quarter; or middle of the coming daughter cell. Wang 

et al. further proposed that (for example) the leading strand would always end up on the 

outside and the lagging strand on the inside. This model is basically a slightly less detailed 

version of the Home and Away Segregation Model. 

1.5.3 Intermediate markers 

There has not been done nearly as much work on the position and dynamics of the DNA 

between the origin and the terminus as there has for these two loci in particular. It is 

understandable that the position of the origin and terminus are the first to be investigated, 

as these were expected to give away the most information. That assumption is possibly 

incorrect because these two loci are located very symmetrically in the cell. The localization 

patterns of the origin and terminus are quite trivial whereas intermediate loci have turned 

out to show more complex and very asymmetric localization patterns. This has very 

recently led to insight into the general organization of the entire chromosome as described 

in the following. 

At slow growth rates the chromosome is organized with one arm in one half of the cell 

and the other arm in the other half. The first results indicating this organization was 

published 6 years ago by Niki and coworkers. They showed that the cell is born with the 
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origin and terminus at mid-cell, the 70• locus in one end of the cell, and the 20• locus in the 

other end at slow growth (Niki et al., 2000). This was a minor result of the paper and was 

not given much attention. Recently similar results have been produced (Nielsen et al.,

2006; Wang et al., 2006). With the origin and terminus in the middle of the cell and the 

two arms in opposite sides, it seems that the chromosome is actually organized as a 

condensed ring inside the cell; at least at slow growth rates. 

1.5.4 The centromere like sequence: migS

If there is a specific sequence responsible for the localization of the origin it has not been 

identified. Such a sequence would have to be located outside the minimal oriC sequence as 

it has been shown that OriC plasmids carrying the minimal oriC region do not localize in 

the cell, and are easily lost without an additional partitioning system as for example the 

sopABC present on the plasmid (Niki and Hiraga, 1999).  

In a search for a sequence responsible for the positioning of the origins, Yamaichi and 

Niki identified a 25 bp sequence in the yijF open reading frame located at 89 min on the 

chromosomal map, 5 min clockwise to the origin (Yamaichi and Niki, 2004). Without this 

sequence, named migS (for Migration Site), origins tend to be much closer together in cells 

with two separated origins. Other than that it does not have any significant effect on the 

cell cycle and growth rate. 

Fekete and Chattoraj have further shown that cells segregate the 89• locus earlier than 

the origin and segregate this locus further out (Fekete and Chattoraj, 2005). However 

without the migS sequence this locus segregates in line with the origin. These results too 

indicate a role for migS in origin segregation, but are in direct contrast to our own results 

(paper II). We usually find that the 89• region is delayed in its segregation.  

So far no other function has been found for this seemingly redundant site, and its role 

and importance in the chromosome segregation remains elusive.  

1.5.5 The timing of segregation 

There has not been put much effort into the determination of the timing of the segregation. 

That may be surprising as this is quite important and could reveal a lot about which of the 

segregation models is closer to the truth.  

Of course loci can not segregate before they are actually replicated. Either they 

segregate right after replication or some time after. Exact knowledge of the replication 

cycle is therefore imperative in order to learn anything about the timing of segregation. 

Bates and Kleckner did an attempt to relate the timing of segregation to the replication. 

They used synchronous cells of known replication cycle and found that markers segregated 
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some time after replication, thus supporting a Sister Cohesion Model. Unfortunately they 

only looked at 2 markers beside the origin and terminus. Hence their conclusion that what 

they see is Sister Chromosome Cohesion is doubtful. That kind of cohesion would mean a 

longer delay between replication and segregation at earlier markers and a shorter delay for 

later markers. We do not think that 2 markers outside the origin/terminus region are 

enough to determine if there are such differences in the replication-segregation delay. 

Furthermore the C and D periods determined for the strain they used are very different 

from what is normally seen for that strain (F.G. Hansen, personal communication), so 

possibly the timing of replication was not known in the study by Bates and Kleckner 

(cooper microcommentary ref ??). 

In our first paper we have looked at the timing of segregation of 14 markers (Nielsen et

al., 2006a). We used 14 different strains with known cell cycle parameters. This study too 

revealed that there is a delay between replication and segregation. Due to the high number 

of loci examined we were able to determine that this segregation delay is constant for all 

markers, thus supporting the Sister Loci Cohesion model and not the sister Chromosome 

Cohesion model. In fact this study was the one that lead to the Sister Loci Cohesion 

Model. This segregation pattern was also seen at higher growth rates with continuous 

replication (see section 2.4). Hence it is clear that the chromosome is segregated 

progressively at slow and moderate growth rates. 
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2 Results 

In the following the most important results of my 3 year study is presented. The major 

results are also described in the accompanying papers (I, II, and III). The results are 

presented more or less in the chronological order in which they were obtained. Some of the 

results have already been mentioned in the introduction and some of them will be 

discussed next in the discussion. However I feel it necessary to explain exactly what I have 

been doing in this three year Ph.D. project, including some of the minor and/or preliminary 

results. 

2.1 Counting and measuring cells 

When I began this work most chromosome labeling studies were focused on labeling the 

origin and terminus of replication and determining the localization patterns of these 

markers. I wanted to expand the number of sites to cover the entire chromosome in order to 

get a better and more detailed picture of the chromosome organization, and I also wanted 

to investigate the localization of these markers in the cell at many different growth rates 

with varying number of chromosome equivalents optionally adding different mutations to 

the strains too. The main challenge in order to do this was not the creation of the strains 

nor growing them and taking pictures, but rather the very time consuming job of measuring 

the cells and counting the foci within.  

The minimum number of cells that needs to be counted for a given experiment (one 

marker at one set of growth conditions) is around 1000 to get decent results but preferably 

1500 or more. Using manual measuring a dataset of 1000 cells takes in the range of 3-5 

hours. Hence a dataset consisting of 14 different markers as the one published in the 

accompanying paper (II) would take around 60 hours; and 90 hours or more if 1500 cells 

per marker are to be measured. That is just for one set of growth conditions. If one wants 

to do different growth rates and/or specific mutations too the amount of time spent 

counting and measuring cells is endless.  

So I decided to develop a fully automatic computerized method for counting and 

measuring cells and their foci. This was my first objective of this study. Instead of creating 

a new program from nothing I decided to use one of the advanced digital image analysis 
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programs that allow programming of macros connecting the relevant functions of the 

software. I chose Image Pro Plus which is a very useful and versatile program containing 

programmable features that can outline, count and measure objects saving me a lot of time 

that I would otherwise have to use programming these functions myself. 

A description of the macro I made is found in the accompanying paper (I). It is capable 

of automatically identifying the cells from phase contrast images and measuring the length 

and width of them. Subsequently it goes through the fluorescence signal from each cell 

individually counting and measuring the foci within. The algorithms and procedures used 

for finding the foci are very effective identifying more than 99% of all foci. Closely 

located pairs of foci are resolved using a separate procedure. The macro also inspects cells 

for invagination of the cell membrane and gives invaginated cells a score reflecting the 

degree of invagination. This is very useful for isolating the dividing cells in the resulting 

dataset and analyzing these separately.  

The macro was validated by comparing the result of counting the same dataset 

manually and automatically. As presented in the accompanying paper (I), the macro does a 

much better job at measuring cells consistently than by measuring by hand. Not 

surprisingly manual counting is best for identifying the foci, but nevertheless the macro 

identifies 99% of them. Furthermore the macro is more consistent in deciding whether or 

not very faint and doubtful foci should be counted or not where this decision depends very 

much on the person doing the inspection when measuring cells manually. Most importantly 

of course is the speed of the process. The macro counts 1000 cells in 3-5 minutes 

depending on the quality of the pictures, whereas manual counting of the same number of 

cells takes 3-5 hours. Hence 14 different datasets (for 14 different markers) of 1500 cells 

each is done in an hour or so; a job that would take weeks by manual counting.  

2.2 Optimizing the P1-par labeling system 

The labeling system used to map the intracellular position of markers in this study is the 

GFP-P1-ParB/parS system developed by Li at al. (Li et al., 2002). The original procedure 

as they reported it was to induce the GFP-ParB from the upstream lac promotor at 100 µM 

IPTG for three hours before sampling. I wanted to change this pulse induction to a lower 

and continuous induction, first of all because we did not know how the high induction 

affects the balanced growth of the cells, secondly because we were experimenting with 

growing the cells in a chemostat where continuous induction of course is desirable, and 

finally because continuous induction is better suited for long term time-lapse studies. 
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While experimenting with the best choice of induction level I realized that the total 

number of foci observed was much higher when inducing continuously with 20 µM IPTG 

or lower compared to the 100 µM pulse induction. It turned out that the 100 µM pulse 

induction made very large foci often containing 2 or more of the labeled loci. As presented 

in the accompanying paper (II) the observed number of foci in the cells got very close to 

the actual number of loci present when induction was absent (0 µM IPTG) relying only on 

the basal expression from the lac promoter. We already knew this was not the case when 

pulse inducing with 100 µM IPTG (compare the results in Nielsen et al. (2006) with Li et 

al. (2000)). Thus further experiments were carried out without IPTG induction. 

The presence of fewer foci is not a result of fewer loci or less DNA in the cells in 

general. That would be very unlikely as the growth rate of the cells is not affected by the 

induction. Cells can grow at full (>100 µM IPTG) induction continuously at normal 

growth rate. Furthermore flow cytometry analysis showed similar DNA/mass ratios in the 

induced and non-induced cells. Therefore the only possible explanation is that two or more 

loci stick together in single foci. 

This conclusion was strengthened when looking at the patterns of foci localization, 

which are very different between the two induction strategies. As seen on Figure 2.1, the 

high level short term induction creates fewer foci (less blue dots in the figure). In the larger 

cells were two foci are expected very often only one focus is observed in the center of the 

cell. This turned out to be a general phenomenon: When two or more loci stick together in 

one focus at high GFP-ParB concentrations the focus locates to the cell center (or 
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Figure 2.1 Stickiness. 

The number and pattern of observed foci are shown 

under conditions with and without stickiness for the 

same strain. A strain expressing GFP-P1-ParB with 

a parSsite inserted at 21• on the chromosomal map 

was grown in the absence of IPTG (upper panel) or

with 100 µM IPTG (lower panel) for 6 generations 

in ABT glycerol minimal media at 32 degrees. The 

number of foci and their relative position on the 

long axis is shown as function of cell size. Cells 

containing one focus are represented with a black 

dot and cells with two foci with blue dots. 2000 

cells are plotted in each panel.  
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alternatively the cell quarters for higher growth rates, data not shown). We call this 

phenomenon •stickiness•. Stickiness is an interesting effect in itself but unwanted when 

investigating the normal position and segregation of markers. Therefore chromosomal 

labeling studies were done under conditions without stickiness. An investigation on 

stickiness has begun and the preliminary results is presented in section 2.7. 

2.3 Time-lapse studies and flowcells 

In parallel to the still-image analysis I have experimented a lot with time-lapse studies. In a 

time-lapse study a few cells sitting on the slide is followed over time by photographing 

them at regular intervals. Time-lapse has the advantage that it allows us to track the 

movement of specific foci inside the cells directly. It is not necessary to infer the dynamics 

of the foci from statistical analysis of a lot of snap shot images. A major disadvantage 

though is that it is time consuming and very few cells can be analysed at a time limited by 

the small size of the field. 

Most time-lapse studies in the field of chromosome dynamics are done on agarose 

slabs. Cells are grown to balanced state in a liquid culture and then transferred to a 1-2 mm 

thick agar slab on a microscope slide and covered with a cover glass. The slab contains the 

same media as was in the liquid culture and cells will thus continue to grow on the slide, 

for a while at least. The slide is mounted under the objective and the growth of the cells 

monitored.  

There are several major problems with this technique. First of all and most importantly 

the cells will get out of balanced growth soon after they are put on the slab because the 

oxygen concentration in the slab will drop and quickly become limiting. The nutrients will 

last longer but will eventually run out too. The temperature is another problem but can be 

controlled by heated stages. The result is that cells often only grow on the slide for a few 

generations (depending on the media) and then stop.  

A few generations are not enough to do extensive studies on the dynamics of foci 

inside the cells. Furthermore, because the cells are not balanced, the cell cycle parameters 

will not be known and the relation between replication and movement of foci in the cell 

can not be established. Therefore I decided to experiment with doing continuous time-lapse 

of cells growing on a fixed surface with fresh media constantly flowing past the cells 

providing balanced growth conditions and cell growth for many generations. 
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2.3.1 Designing a flowcell 

In biofilm research the use of flowcells is widespread. A flowcell is a chamber with a tube 

going in and out of it and a glass slide on one side functioning as cover slide so that the 

flowcell can be mounted on a microscope. Fresh media is lead into the chamber through 

the tubing and cells grown on the inside of the glass surface. Unfortunately the 

commercially available flowcells are unsuitable for phase contrast microscopy. 

Commercially flowcells are designed for confocal or differential interference contrast 

microscopy. They are too thick to do phase contrast or brightfield microscopy because the 

condenser collector lens can not get close enough to the focal plane. Furthermore they only 

have one glass side; the bottom is made of plastic with a refractive index incompatible with 

a phase contrast or brightfield microscopy setup. 

So I had to design my own flow cell that was thinner and made entirely of glass. After 

a few unsuccessful constructs I realized that this was a very simple task. I simply bend the 

ends of a capillary glass tube and glued it to a glass cover slide (Figure 2.2). The cells grew 

on the inside of the glass tube and fresh media could be pumped through the rubber tubing 

mounted on the bend ends of the glass tube. Immersion oil was applied directly to the glass 

tube and the whole thing mounted on the microscope stage. Cells were injected through the 

mounted rubber tubes with a syringe and needle. The capillary glass tube was coated on 

the inside with poly-L-lysine before being glued on so that the injected cells would attach 

to the glass surface. After injecting the cells the pump was turned on pumping fresh media 

through the tube. The temperature was kept constant at 32 degrees in the microscopy room 

to keep the media from cooling down the stage. 

This construct worked great and allowed the monitoring of cells for many generations.  

Figure 2.2 Flowcell construct. 

The flowcell used for time-lapse studies. An 8 cm

capillary glass tube was heated 1 cm from each end

and bend to a 45 degree angle. The glass tube was

then glued to a glass slide at the ends and

immersion oil was put between the tube and the

glass slide at the middle. Rubber tubing was

mounted at the ends of the glass tube and

everything disinfected before balanced cells were

injected into the flowcell using a syringe and

needle. The flowcell was then mounted on the

microscope and fresh media was pumped though it

continuously. 
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2.3.2 Short term time-lapse 

Unfortunately it turned out that time-lapse was not all that great after all. While just 

looking at the cells growing in the flowcell I observed that foci were very mobile and 

moved a lot inside the cells. Therefore I did some very short term time-lapse experiments. 

It turned out that foci are so mobile inside the cell that the position of a focus can change 

as much as half a micron in seconds (see paper II). Hence when doing time-lapse 

experiments with e.g. 5 minutes between the images the significance of the recorded 

position of the foci is very low because they might very well have been located elsewhere 

just seconds before or after. With this discovery the need of a good statistical basis and a 

large number of cells increases dramatically and the value of time-lapse experiments 

becomes dubious. Therefore we decided to stop time-lapse experiments and switch entirely 

to statistical still image analysis of large number of cells. 

2.4 Progressive chromosome segregation 

Using the previously described macro I analyzed 14 strains with a parS insertion at 14 

different chromosomal positions. The insertion coordinates were 4•, 15•, 21•,28•, 33•, 41•, 

45•, 54•, 64•, 74•, 79•, 84•, 89•, and 93•. The strains were created by Young Fang Li at Dr. 

Austin•s laboratory. I grew the strains in ABT glycerol minimal media to get a DNA 

replication cycle without overlapping C and D periods, thus keeping the chromosome 

segregation pattern as simple as possible. The results clearly showed that the chromosome 

is segregated progressively and also gave clues to the general organization of the 

chromosome as described in the accompanying paper (II). Furthermore it was shown that 

there is a constant delay between replication and segregation of markers. This is what we 

call sister loci cohesion. 

The result of a similar series of experiments done in ABT glucose minimal media 

supplemented with 0.05% casaminoacids is shown in Figure 2.3. These results have not 

been published. There are clear similarities between the distributions of loci under the two 

different growth conditions. The origin and its proximal markers tend to locate further 

towards the pole than later replicated markers for example. The asymmetry of intermediate 

markers is also evident, although perhaps to a lesser extent. 
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Figure 2.3 Positions of chromosomal loci in cells growing in glucose media.  

The relative positions of foci are presented for cells with the P1 parS at the indicated positions on the chromosomal map (central 
panel). Foci from cells with one focus are represented by black dots showing the distance to the nearest pole, foci from cells 
with two foci are represented with a blue dot (the focus which is closest to a pole) and a red dot. Foci from cells with three or
four foci are shown with orange dots (the foci nearest to a pole) and green dots. All cells are oriented so that the sum of
distances from the pole to each focus in every cell is lowest. In all panels data from 1400 cells are presented. The strain labeled 
at 3.8• grew poorly in the glucose media and data from this strain is therefore omitted. 
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One major difference though is the much more compact distribution of markers in the cells 

growing in the richer media. The markers seem to be constrained to smaller and better 

defined areas of the cell at the higher growth rate. This could be a result of more DNA 

content of these cells that have a 

higher DNA replication activity and a 

need for better organization of this 

DNA.  

Flow cytometry analysis showed 

that the cells have a C period of 55 

minutes and a D period of 43 minutes 

at a generation time of 55 minutes. 

Thus DNA replication is initiated 12 

minutes after cell division at the same 

time the previous round of replication 

is terminated and cells have from 2 to 

4 origins. The timing of segregation 

compared to replication for the 

different markers is shown in Figure 

2.4. As with the glycerol cells a 

progressive segregation is observed. 

Furthermore the delay between 

replication and segregation (sister 

Figure 2.4 Progressive segregation. 

The timing of segregation is shown for cells grown

in glycerol (upper panel) and glucose (lower panel).

The purple line indicates the time of replication of

the chromosomal markers according to the distance 

from the origin (x-axis) as found by flow cytometry.

The dots are the average time of segregation for the

markers investigated. For the glucose experiment,

loci going from two to four copies are plotted in the

lower part (the first generation) and loci going from 

one to two copies are plotted in the upper part

(second generation). The black line is the

segregation trendline. Outliers as the 79• and 33•

markers and for glycerol the 89• marker too do not

contribute to the trendline. The hatched lines

represent the previous and following rounds of

replication and segregation. 

Glucose media

1

Replication

Separation

0

1

2

-50 -30 -10 10 30 50

Distance from origin (minutes)

Glycerol media

C
el

l a
ge

 (
ge

ne
ra

tio
ns

)

Replication

Separation

0

1

2

-50 -30 -10 10 30 50

0

Glucose media

1

Replication

Separation

0

1

2

-50 -30 -10 10 30 50

Distance from origin (minutes)

Glycerol media

C
el

l a
ge

 (
ge

ne
ra

tio
ns

)

Replication

Separation

0

1

2

-50 -30 -10 10 30 50

0



Dynamics of chromosome segregation 

33 

loci cohesion) seen in the glycerol experiment is also reproduced. The average delay was 

0.17 generations (20 minutes) in the glycerol experiment and 0.22 generations (12 

minutes) in the glucose experiment. These values are quite comparable which may reflect 

the nature of this sister loci cohesion. Exceptions to the general delay are the marker at the 

terminus and the 79• locus. The exception at 89• in glycerol behaves normal in the glucose 

experiment, whereas the 79• locus segregates early in both experiments. The terminus 

segregates very late as expected of this region.  

Combining these results show that the chromosome is progressively segregated both at 

slow and moderate growth rates and that there is a delay between replication and 

segregation of about 20% of the cell cycle. It is very difficult to claim chromosome 

cohesion for extensive parts of the chromosome in the light of these results and the sister 

chromosome cohesion model can therefore not be correct.  

2.5 Developing a pMT1- par  labeling system 

A major disadvantage of the P1-par labeling system compared to others is that it only 

allows labeling of one marker or alternatively more markers but all with the same color. 

When we observed the asymmetric nature of the localization of intermediate markers in the 

cell (Paper II) we realized that it would be very useful to be able to record the position of 

one locus with respect to another. Hence we needed an additional labeling system with its 

own specificity and  its own color. 

For this we cloned the partitioning system of the pMT1 virulence plasmid from 

Yersenia pestis. This system is very similar to the partitioning system of the P1 plasmid. It 

consists of the same three elements, the parA and parB genes and a parS site. It has been 

shown that the pMT1 and P1 partitioning systems are functionally compatible meaning 

that the presence of one of them in the cell does not affect the function of the other 

(Youngren et al., 2000). Furthermore substituting the ParB in one system with the 

homologue protein from the other system, or substituting both the ParB and ParA, results 

in non functional partitioning. These results suggest that the ParB protein of the pMT1 

system does not bind the P1-parS sequence and vice versa, and a pMT1-par based labeling 

system is therefore expected to be compatible with the P1-par based system. 

We constructed a GFP-pMT1-parB fusion protein and expressed it in a strain 

containing a pMT1-parS site. We deleted the 23 N-terminal amino acids of ParB similar to 

the 30 amino acids deletion in the GFP-P1-ParB fusion protein which makes up the ParA 

binding domain. The pMT1 fusion protein was able to form foci in the pMT1-parS

containing strain. Furthermore when expressed in a P1-parS containing strain no foci were 
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formed. No foci were observed when expressing the GFP-P1-ParB protein in a pMT1-parS

strain either. Hence the GFP-ParB fusion protein of one system does not bind the parS site 

of the other. The possibility that the ParB proteins could bind to each other had to be 

investigated too. The binding of ParB protein to the cognate parS site consists of an initial 

binding of one ParB dimer to the parS site and subsequent binding of additional ParB 

proteins to the first ParB protein along the DNA creating a large linear protein-DNA 

complex. If the ParB protein of one system is able to bind the ParB proteins of the other, 

the presence of both in the same cell could lead to mixed binding of both proteins to the 

same parS site even though the ParB proteins are specific with respect to initial parS

binding. We investigated this by expressing a CFP-P1-ParB and a yGFP1-pMT1-ParB in 

the same cell containing either the P1-parS site or the pMT1-parS site or both. When only 

one type of the parS site was present the foci formed were of the color corresponding to 

the cognate fusion protein. When both types of the parS were present distinguishable foci 

of the two different colors was observed. If the ParB proteins were able to bind each other 

the foci would be of mixed color. As this was not observed we concluded that the two 

labeling systems are completely compatible. 

See supplementary material of Paper III for details on the construction of the pMT1-

par labeling system. 

2.6 Separate replichores localize to separate cell halves 

Having developed and validated an additional labeling system the next step was to look at 

cells labeled at two different sites. Several different combinations are potentially 

interesting, but in the light of the results of Paper II we chose to look at markers on 

opposite sides of the origin. In Paper II we show that intermediate markers on both sides of 

the origin are very asymmetrically positioned in the cell; either one focus off-center or in 

the presence of two, one focus close to the pole and the other at the cell center. The 

question of course was then if the intermediate markers on opposite sides of the origin-

terminus axis would then localize to different ends of the cell, or if their localization was 

independent of each other.  

It turned out that loci on one arm of the chromosome are indeed localized to one half of 

the cell and loci on the other half is located in the other half of the cell. This result is 

described in Paper III. When we labeled loci on the same chromosomal arm the 
                                                     
1 yGFP is a GFP mut2 variant with a red-shifted excitation spectrum and a normal emission 

spectrum. The red.shift makes it suitable for use together with CFP. See supplementary material of 

Paper III for details. 
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colocalized to the same cell half, and when labeling loci on opposite chromosomal arms 

they localized to separate cell halves. After duplication when 2 of each locus are present in 

the cell they often localized on separate sides of the quarters with a strong bias towards a 

tandem configuration. That is a left-right-left-right chromosome arms configuration.  

At the same time our paper was accepted Wang and coworkers published a similar 

paper presenting basically the exact same results as ours (Wang et al., 2006). The 

conclusion was also the same, that the chromosomal arms are separated to distinct cell 

halves in the cell. Wang et al. further showed that the original configuration was very often 

maintained in the tandem configuration so that a left-right orientation results in a left-right-

left-right (chromosome arms) configuration and only rarely in a right-left-right-left 

configuration. This fits with our Home and away Model. 

2.7 Stickiness 

As described previously we have found that high levels of GFP-P1-ParB cause a reduction 

in the number of observed foci. We call this phenomenon stickiness because we believe 

that what we see are pairs of loci sticking together as I will argue in this section. The 

phenomenon is undesirable in the chromosome labeling studies done as part of this thesis 

and the experiments have therefore been carried out at levels of GFP-ParB protein where 

stickiness is not present, but it is an interesting feature of the ParB/parS system that could 

be important in the original function of plasmid partitioning and might also be useful in 

chromosome dynamics studies. Therefore we have begun an investigation of the 

phenomenon. 

Two possibilities can be imagined to cause a reduction in the observed number of foci. 

Either there are fewer loci present in the cell or loci stick together. In other terms, either 

DNA replication or chromosome segregation is delayed or blocked. It is likely that bound 

ParB protein can block the replication forks and thus cause a reduction in the number of 

loci. It has recently been showed that the tet repressor/operator system is capable of such 

tight binding (Possoz et al., 2006). To investigate if the replication is blocked under high 

concentrations of ParB protein we analyzed non-induced and fully induced cells by flow 

cytometry. The resulting cytograms showed that the DNA to mass ratio was the same for 

the induced and non-induced cells. Furthermore the growth rates of induced and non-

induced cells are the same. Thus initiation and progression of replication occurs normally. 

If replication is blocked the cells would expect to die when induced as reported for the tet

system. That does not happen when stickiness is induced; the cells grow fine. 
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The other possibility that segregation is delayed must then be correct. That implies that 

a specific mechanism responsible for DNA segregation and independent of replication is 

present, which fits fine with our observation of sister loci cohesion. Why then is blocking 

of DNA segregation not lethal? One possible explanation is that the segregation block is 

released when the next round of replication reaches the block. As the bound ParB can not 

block the replication fork any bound ParB must be peeled of by the replication fork. Hence 

any ParB blocking segregation bound in the trail of replication will be removed in the next 

round of replication. Segregation will then segregate two pairs of duplex molecules (Figure 

2.5). 

The delay of segregation also means that induced cells are larger than normal cells. As 

mentioned the DNA/mass ratio is the same with and without induction but the absolute 

DNA content is higher and the cells are bigger when stickiness is induced. As the growth 

rate and the initiation mass are unaffected the only possible explanation is a prolonged D-

period in the induced cells. This has been confirmed by flow cytometry. A prolonged D-

period means that cell division is delayed which in this case is probably caused by the 

delay of segregation.  

The stickiness reported here was observed for the P1 par system. Surprisingly the very 

recently developed pMT1 system does not show this effect when induced at high levels. 

This can be seen in Figure 2.6. The P1 parS and pMT1 parS sites were inserted at the same 
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Figure 2.5 Blocking segregation. 

Normal replication and segregation is 

shown in (A) and a proposed model for

segregation blocking by stickiness in (B). 

parS bound GFP-ParB is shown as green 

balls. Under normal conditions a limited 

number of proteins bind the DNA (A) and 

the two sister strands can segregate 

normally. When over expressed, too many 

ParB proteins bind the DNA (B) and makes 

the two sister strands glue together unable 

to separate (B; green bars). Finally when 

the next round of replication reaches the 

block, the ParB proteins are peeled of and 

the daughter strands can separate. These 

daughter strands are now already 

duplicated and segregate as double 

duplexes.  The red bars symbolizes sister

loci cohesion.  


















































































































