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Abstract.

 

Analyses of DNA pattern provide an excellent tool to determine activity
states of bacteria. Bacterial cell cycle behaviour is generally different from the eukaryotic
one and is pre-determined by the bacteria’s diversity within the phylogenetic tree, and
their metabolic traits. As a result, every species creates its specific proliferation pattern
that differs from every other one. Up to now, just few bacterial species have been
investigated and little information is available concerning DNA cycling even in already
known species. This prevents understanding of the complexity and diversity of
ongoing bacterial interactions in many ecosystems or in biotechnology. Flow cytometry
is the only possible technique to shed light on the dynamics of bacterial communities
and DNA patterns will help to unlock the hidden principles of their life. This review
provides basic knowledge about the molecular background of bacterial cell cycling,
discusses modes of cell cycle phases and presents techniques to both obtain DNA
patterns and to combine the contained information with physiological cell states.

INTRODUCTION

 

Bacteria are the prevailing organisms of our biosphere. For example, 3.6 

 

×

 

 10

 

29

 

 microbial cells
with a total cellular carbon content of about 3 

 

×

 

 10

 

17

 

 g are documented as living in the oceans.
Bacteria are responsible for 98% of primary carbon production and are important mediators in
all biogeochemical cycles (Sogin 

 

et al.

 

 2006). Furthermore, the human intestinal microbiota was
recently described as being composed of 10

 

13

 

–10

 

14

 

 microorganisms, with a collective genome
containing at least 100 times as many genes as the human genome. The authors go on to describe
humans as superorganisms whose metabolism represents an amalgamation of microbial and
human attributes (Gill 

 

et al.

 

 2006). Therefore, bacteria are integrated in numerous ways in
human life and yet nearly no tools are available to reliably determine their activity in either
natural bacterial communities or in the neighbourhood of other cells.
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At this point, we suggest the analysis of bacterial DNA patterns that can be used substantially
as an excellent tool for determining activity states of bacteria. The activity and performance of
bacteria is frequently dependent on their population growth, the velocity of this growth and their
physiological state. These are generally related to cell cycle events or at least they are considered
to be related to distinct quantities of cellular DNA. Since DNA contents have been found to
oscillate throughout the bacterial life cycles and also to be highly variable between different
bacterial species, we found the analysis of these quantities to be useful to obtain status information
of the species under investigation. Bacterial DNA quantities, aside from coded information, are
an effective tool for understanding life cycle and survival behaviour of these microorganisms.
This can be effectively followed by combining skilful cell culture techniques with analysis of
chromosome contents involving fluorescent dyes and flow cytometry. The DNA patterns mirror
the number of chromosomes inside individuals, the state of an individual in the cell cycle and
population growth conditions as applied to a species.

Resulting DNA distribution patterns provide valuable information: an asynchronous
growing population (a typical way of growth in nature) always contains individuals with
different chromosome contents. The individuals are grouped to subpopulations with chromosome
contents of C

 

n

 

 and C

 

2n

 

 (eukaryotic-like cell cycle: asymmetric or symmetric cell division,
respectively), or C

 

xn

 

 (uncoupled DNA synthesis). Furthermore, number of subpopulations and
number of individuals comprising the subpopulations create a characteristic pattern, which is
determined by the kind of species investigated, the kind of substrate(s) supplied, as well as
microenvironmental conditions available.

An overview is provided below of how bacterial DNA patterns are generated, which
information can be obtained from the distribution of subpopulations and which patterns are
already known. The review is intended to encourage the routine use of flow cytometry
together with common cell culture techniques. In cases of community studies, flow cytometry
is unparalleled in providing knowledge regarding bacterial activity states that lies hidden behind
individual bacterial chromosome quantities.

 

Molecular background of bacterial cell cycle

 

Bacterial DNA accounts for only about 3–4% of the total cellular components (dry mass). Most
bacteria possess one circular chromosome, the faithful replication of which has been extensively
investigated, mainly in the Gram-negative gammaproteobacterium 

 

Escherichia coli

 

 and the Gram-
negative alphaproteobacterium 

 

Caulobacter crescentus

 

, as major research model organisms at
the current time. Valuable overviews have been provided by McAdams & Shapiro (2003),
Thanbichler 

 

et al.

 

 (2005) and Gitai 

 

et al.

 

 (2005b). Replication and cell division are tightly bound
together 

 

via

 

 regulation, to ensure that each cell receives an accurate copy of its DNA to ensure
survival. Because bacteria live mainly as single-cell organisms, the mode of replication implicitly
depends on microenvironmental conditions, and thus on the activated metabolic pathways as
well as the metabolites, and energy available for the replication procedure. Over the last few years,
knowledge on this has dramatically increased, largely due to the invention of high-throughput
technologies together with the availability of sequenced bacterial genomes (Nierman 

 

et al.

 

2001), analysis of gene expression and protein synthesis (e.g. 2966 predicted open reading
frames, about 550 genes, which are regulated in a cell cycle-dependent manner, Laub 

 

et al.

 

 2000;
expression of 979 proteins, Grunenfelder 

 

et al.

 

 2001, both citations regarding 

 

C. crescentus

 

).
Reliable bacterial proliferation requires replication of DNA, separating the replicated DNA

molecules, segregation of sister chromosomes into daughter cells and coordination of these
events with cell division. The DNA is composed of high energetic and independently super-
coiled domains, with each of its topological regions uncoupled from the rest of the chromosome
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(Thanbichler 

 

et al.

 

 2005). Replication starts at the origin, 

 

ori

 

C, and passes off bidirectionally
until two replication forks meet in the terminus region, ter, which is found opposite 

 

ori

 

C. The
initiation protein is DnaA which, after binding ATP, unwinds the A/T-rich region near 

 

ori

 

C, and
is controlled by its antiplayer SeqA (for an overview, see Messer 2002; Kaguni 2006). Functioning
of DnaA is described to be dependent on the number of its molecules, which needs to correlate
with cell mass. Initiation occurs in every cell, when a certain cell mass per origin, the initiation
mass, has been reached. The faster the growth, the higher the cell mass, the more origin copies
are present in a bacterial cell (Atlung 

 

et al.

 

 1987; Christensen 

 

et al.

 

 1999). Whereas several
determinants, which are involved in replication regulation, are located near the origin, those are
involved in segregation are located in the terminus region (Louarn 

 

et al.

 

 2005). Several concepts
have been developed concerning how the chromosomes are distributed between mother and
daughter cells (Gitai 

 

et al.

 

 2005a). Initial concepts envisaged passive displacement of the
chromosomes and were further developed into the transertion-mediated segregation model.
Here, chromosomes are described as being linked to the cell membrane and are simply separated

 

via

 

 cell growth. A third model describes segregation as occurring by biased transcription.
Another model focused on the stationary mid-cell position of the replisome (in 

 

E. coli

 

), in such
a way that mother DNA was transported into the centre of the cell and the extruded daughter
strands were directed into the developing nascent daughter cell compartments. Recent work
implies that cytoskeletal structures might also be involved (Gitai 

 

et al.

 

 2005b). It is well known
that during replication, segregation and cell division, chromosomes move spatially through the
cell to specific positions to ensure their correct organization and subcelluar placement (Niki

 

et al.

 

 2000; Viollier 

 

et al.

 

 2004). Movement of the origin within the cell seems to be connected
to growth rate; its speed reaches values of about 0.1–0.3 

 

μ

 

m/min (overview by Thanbichler 

 

et al.

 

2005). In 

 

E. coli

 

, some investigations suggest that newly replicated regions of the chromosome
cohere to each other for a time before separating (Sunako 

 

et al.

 

 2001; Li 

 

et al.

 

 2002; Bates &
Kleckner 2005) and that sister nucleoids might not be characterized by mirror symmetry
(Wang 

 

et al.

 

 2005, 2006). The construction of a septum is a subsequent event, and starts with
the assembly of cell division proteins like FtsZ, FtsA and ZipA. These form a Z ring, the
maintenance of which, during the process of septation, is energy-dependent (Rueda 

 

et al.

 

 2003).
Finally, in 

 

E. coli

 

, the principle of the nucleoid occlusion law was verified, a mechanism by
which bacteria prevent cell division until chromosome segregation has been completed (Roos

 

et al.

 

 2001; Wu & Errington 2004).
In 

 

C. crescentus

 

, the cell cycle is coupled to a cellular differentiation programme (Jensen
2006). The daughter cell shows no replication activity. This is in contrast to the prosthekate,
immobile and proliferating mother cell, which is bound to the soil surface, whereas the daughter
cell exhibits swarming in the water body. Protein CtrA silences the

 

 Caulobacter

 

 origin of
replication and needs to be proteolysed in stalked cells, thus preparing them to initiate DNA
replication (Jenal & Fuchs 1998; Holtzendorff 

 

et al.

 

 2004; Ryan 

 

et al.

 

 2004; Brazhnik & Tyson
2006). For movement of the chromosome, DNA translocase FtsK has been implicated as being
responsible. In 

 

Caulobacter

 

, this is a highly conserved molecule, deposited near the terminus at
the division site (Pease 

 

et al.

 

 2005). Cell division is initiated by the translation of the septum-
forming 

 

ftsZ

 

 gene, followed by 

 

ftsQ

 

 and

 

 ftsA

 

 transcription during late S phase (short overview
by Amick & Brun 2001). Transcription 

 

ftsQA

 

 appears to be a checkpoint, coupling DNA
replication and cell division 

 

via

 

 CtrA rates (Wortinger 

 

et al.

 

 2000). By combining analysis of
the replication activity using flow cytometry and following location of the origin-proximal part
using LacI-CFP binding to the 

 

lac

 

 operator cassette near the origin, Jensen (2006) found no
cohesion of the newly replicated origin-proximal regions of the chromosomes. This is in contrast
to the events proceeding during chromosome separation in 

 

E. coli

 

. However, a significant delay
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in separation of the replicated terminus regions was observed. Additionally, cell division seems
to be initiated before the final segregation of the daughter chromosomes in 

 

Caulobacter

 

, so it
appears that nucleoid occlusion is not occurring as he implies for this species.

As is stressed by many researchers in this field (Gitai 

 

et al.

 

 2005b), only the tip of an iceberg
has yet been uncovered. Despite the two species mentioned above and some few other limited
investigations, for example, 

 

Bacillus

 

 and

 

 Staphylococcus 

 

sp. (Wallberg 

 

et al.

 

 1999) as well as

 

Anabaena

 

 sp. (Sakr 

 

et al.

 

 2006), just few studies have used flow cytometry to elucidate the
proliferation mechanism in other bacteria. In addition, spatial and temporal dynamics of the
involved machineries already investigated are far more sophisticated than had previously been
thought.

 

Resolving bacterial cell cycle phases

 

Eukaryotic organisms present general cell cycle behaviour that is universal in so far as that it
remains the same through successive rounds of replication and has been found to proceed and
be regulated in similar ways in humans, animals, plants and even in yeast (Krishan 

 

et al.

 

 2005;
Achilles 

 

et al.

 

 2006; Suda & Trávnièek 2006; Zucker 2006). This, however, is not true for the
bacterial cell cycle (and also for the archaea). As close as eukaryotic roots are situated within
the phylogenetic tree, considering the related mechanisms of eukayotic proliferation mechanisms,
so far from each other are the ways of cell cycle operation in bacterial species (Angert 2005).
Different metabolic traits possessed by bacteria and the strategies that enable them to live under
completely different environmental conditions are mirrored by their diversity within the
phylogenetic tree and are reflected in their way of proliferation. The eukaryotic cell cycle
proceeds through phases G

 

1

 

, S, G

 

2

 

/M and G

 

0

 

, in which changed cytometric distributions are
routinely used today to investigate human diseases (Potter & Wener 2005), virus impacts
(Asmuth 

 

et al.

 

 2005) or drug effects (Olive & Durand 2005; Schwock 

 

et al.

 

 2005; Garner 

 

et al.

 

2006).
This universal mode of cell proliferation is only partly mirrored in bacterial cell cycle

behaviour. The small dimensions of bacteria, and on occasion, the low concentrations of
cells in specific cell states can, however, cause considerable analytical problems. Therefore,
synchronized cultures have long been involved in bacterial cell cycle investigation because such
approaches are amenable to classical analytical methods. For some species, these combined
techniques provided information concerning cell cycle progression and regulation, which was
sufficient to understand the functioning of a single cell. Cooper (1991) and Hemstetter 

 

et al.

 

(2003) used synchronized cultures produced by the membrane elution method. Others
synchronized growth of microorganisms to a lesser extent by continuous phasing (Fritsch 

 

et al.

 

2005), or use microorganisms where daughter and mother cells could easily be separated by
their morphological characteristics and physiological behaviour, as in 

 

C. crescentus

 

 (Poindexter
1981; Marczynski & Shapiro 1995; Laub 

 

et al.

 

 2000; Ryan et al. 2004; Jensen 2006). To date
the only archeal genus species reported to be synchronized is Sulfolobus (Bernander 2000). The
advantages of these techniques are that a relatively homogeneous population is obtained, and
enough cell mass is available to investigate cell cycle events at the molecular level. Disadvantages
are that these methods only work for a limited number of organisms because they require distinct
physiological features and additionally they might impact cell physiology because of the type
of the synchronization method. Therefore, up to now, synchronization has not been suitable for
many species. In general, synchronization is relatively unstable and is lost after a few rounds of
DNA replication. Furthermore, it has not been possible to synchronize cells grown in an
uncoupling mode of replication. Another possibility to isolate larger amounts of similar cells in
a cell cycle is fractionating via centrifugation. Many methods have been described for this
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application. However, in addition to the requirement that centrifugation requires distinct
sedimentation behaviour of the subpopulations contained within the population (density and size
of different cell types), the technique regularly produces blurred bands lacking in purity (Pertoft
2000; Müller et al. 2001).

Flow cytometry has turned out to be a suitable alternative for investigating the bacterial cell
cycle. The technique has been shown to be suitable for probing the dynamics of individual cells
within a microbial population and for characterizing their physiological status (Steen & Boye
1980; Skarstad et al. 1986; Allman et al. 1991, 1992). Following the proportion of cells in
different subpopulations over time opens the possibility of determining quantities of cells inside
a population that are just proliferating, about to divide, or in a separate stage from these two.
These quantities provide information on how many individuals are proliferating, dividing or are
inactive and waiting for better conditions before joining the cell cycle again.

Modes of bacterial DNA cell cycle phases
As early as 1958, Schaechter et al. (1958) made observations of bacterial growth and division
behaviour. This was subsequently followed by the work of Donachie, Cooper and Helmstetter
who presented an extensive narrative portrayal of the pattern of DNA replication (Helmstetter
1967, 1968, 1969; Donachie 1968; Helmstetter & Cooper 1968; Cooper 1969, 1979, 1990,
1991, 2004, 2006). They showed that the time for DNA replication (the C phase) and the time
necessary for cell division (the D phase) were relatively invariant. There is also a third period B
described by the authors. B is defined as the period between birth and the initiation of the C
phase. This phase shortens if growth conditions improve until these are nearly optimal for swift
growth. In such a situation B disappears. When analysed by flow cytometry, a pattern evolves
which is similar to the patterns always obtained during eukaryotic cell cycle investigations.
Therefore, populations behaving in such a way are declared to present eukaryotic-like cell cycle
behaviour. If growth rates are even higher, DNA synthesis can be continuous during the division
cycle. Initiation of replication occurs again before the still running replication cycle is finished
and cell division is completed. This behaviour is called uncoupled DNA synthesis.

These are the basic proliferation activities that can be easily followed by the DNA patterns
obtained from flow cytometry. At an interdivision time of B + C + D, the first subpopulation in
a typical DNA histogram contains the quantities of cells containing the single chromosome
equivalent (Fig. 1; eukaryotic-like cell cycle of Sphingomonas sp. LB126, grey distribution).
The second subpopulation contains the cells with the double chromosome equivalent (Fig. 1;
eukaryotic-like cell cycle of Sphingomonas sp. LB126, black distribution), as shown at the
double linear histogram position. In between are those cells that proliferate. These distributions
change the more as the B time is diminished because of an increase in the growth rate. Uncoupled
DNA synthesis is indicated by DNA contents with a minimum of more than one chromosome
equivalent per cell and a maximum that represents many multiples of chromosomes that depends
on the species cultivated and the growth conditions applied (Fig. 1; uncoupled DNA synthesis
of E. coli K12). However, in between such limits all DNA contents are possible. This behaviour
is very precisely and carefully documented by Cooper (1991).

We propose another phase in bacterial cell cycle progression that is obvious when growth
conditions are limiting (Fig. 2). The B phase (white bar) is described to mark the time between
birth and initiation of the C phase (black bar). Some bacterial species, however, have been
found not to divide after finishing replication and remain at the end of the C phase until better con-
ditions occur. A good example for such a strategy is shown by the Gram-positive species Rhodococcus
erythropolis K2-3, which belongs to the Nocardiaceae. This species tends to form small hyphae
under limiting growth conditions and accumulates up to four copies or more of the original DNA
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Figure 1. Eukaryotic-like DNA synthesis: flow cytometric analysis of the DNA content of Gram-negative Sphingomonas sp. LB126 cultivated for 60 h. The species was
grown aerobically at 20 °C and pH 7.5 in 500 mL shake flasks with 300 mL minimal medium at 150 r.p.m. The carbon and energy source was glucose (1 g/L). The harvested
cells were centrifuged at 3200 g for 5 min, fixed with 10% NaN3, and stored at 4 °C. Bacterial DNA was stained by treatment of 2 mL of diluted cell suspension (3 × 108 cells
per millilitre) with 1 mL solution A (2.1 g citric acid/0.5 g Tween 20 in 100 mL bidistilled water) for 10 min. Afterwards the cells were washed and re-suspended in 2 mL solution
B (0.24 μm 4′,6-diamidino-2-phenylindole [DAPI, SIGMA], 400 mm Na2HPO4, pH 7.0) for at least 20 min (according to Shi et al. 2007). Flow cytometric measurements were
carried out using a MoFlo cell sorter (DakoCytomation, Fort Collins, CO, USA) equipped with two water-cooled argon-ion lasers (Innova 90C and Innova 70C from Coherent,
Santa Clara, CA, USA). Chromosome equivalents are presented as C1n and C2n. Uncoupled DNA synthesis: The Gram-negative Escherichia coli K12 was grown aerobically at
30 °C and pH 7.5 for 24 h in 500 mL shake flasks at 150 r.p.m. on 300 mL peptone media (L): 5 g peptone from meat (pancreatic), 3 g NaCl, 2 g K2HPO4, 10 g meat extract,
10 g yeast extract, 5 g glucose. The staining procedure and device equipment was the same as above though the DAPI concentration was enhanced to 0.5 μm DAPI within solution
B. Chromosome equivalents are presented as C1n and C2n. Uncoupled DNA synthesis is shown to be performed between the 7th and 14th hours.



Bacterial cell cycle 627

© 2007 The Author
Journal compilation © 2007 Blackwell Publishing Ltd, Cell Proliferation, 40, 621–639.

Figure 2. The gram-positive Rhodococcus erythropolis K2-3 (a,b) was cultivated aerobically in 150 mL batches
in standard medium on xylitol (2 g/L) at 30 °°°°C with μμμμmax = 0.144 hours. The gram-negative Acinetobacter calcoaceticus
69-V (c,d) was cultivated aerobically in 150 mL batches in standard medium on 0.01% phenol at 30 °C with
μmax = 0.35 hours. The staining procedures and device equipment were the same as described in Figure 1 (DAPI
concentration: 0.24 μm DAPI within solution B). On the left side are shown the histograms obtained from samples
harvested during exponential growth phase, whereas on the right side the same species were harvested under limiting
growth conditions. The bars represent the existence as well as a rough duration of cell cycle phases. (a) Cells growing
in a eukaryotic-like manner. Since the main part of cells contain one chromosome equivalent under the given conditions
the distribution suggest a short time necessary for replication (C phase), followed by a short time necessary for cell
division (D phase). A longer B phase is abounding until cells start proliferation again. (b) Under limiting conditions
some cells are able to divide (subpopulation C1n), yet most of them do not, forming small hyphae (subpopulations C2n
and C4n). They stay in the pre-D phase waiting for better conditions to grow. (c) Cells growing in a eukaryotic-like
manner. The B phase vanished, almost all cells perform replication (long C phase). Since only few cells stay in C2n the
pre-D and D phases are short. (d) Under limiting conditions A. calcoaceticus do not form hyphae as described for
R. erythropolis, yet some of the cells divide (subpopulation C1n) and others do not and form tightly paired coccoidal
connections (subpopulation C2n, C3n, C4n).
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equivalent (Goodfellow et al. 1998; Müller et al. 2002). Because we have found such behaviour
in many species, we suggest that a further period occurs within the bacterial cell cycle. We have
designated the time between the end of replication and the start of the D phase (dark grey bar)
the pre-D phase (light grey bar). This period disappears under optimal growth conditions in a
similar manner to the B phase. Michelsen et al. (2003) suggested a variation of D phase (without
inventing a pre-D time) that is dependent on growth velocity in slow growing E. coli cultures.
We suggest that changing pre-D times might represent the changing numbers of cells containing
the double chromosome equivalent under increasingly limiting growth conditions. It also
represents the inability of some, but not all, cells to divide because of individually related
limited energy stores necessary for daughter cell separation. Length of the D phase is assumed
to be nearly constant as described by Cooper (see above). Nevertheless, shapes of the histograms
change because of an altering pre-D phase. As described previously and has been observed for
many different species, replication and separation of the chromosomes inside a cell is a very
complicated process. However, this does not necessarily need to be followed by separation of
the daughters themselves. On the other hand, this behaviour might be a species-specific feature.
Our observation is that under limiting growth conditions some species use the metabolites and
energy drawn from the still available, but nearly mineralized, substrate to perform cell division
after finishing replication, whereas others do not (Müller & Babel 2003). It is remarkable that
the existence of a stop in cell cycle activities in the middle of a pre-D phase might be species
but not substrate related. We have observed the pre-D phase to be independent of the quality of the
substrate supplied in both Gram-negative and Gram-positive bacteria: Acinetobacter calcoaceticus
on phenol and acetate (Fig. 2, also Herrmann et al. 1997; Müller et al. 2000), Ochrobactrum anthropi
on glucose, xylitol, 2,4-dichlorophenol and 2,4-dichlorophenoxybutyric acid, R. erythropolis on
glucose, xylitol and succinate (Fig. 2, also Müller et al. 1999; Müller et al. 2002), Sphingomonas
sp. on glucose and fluorene, Mycobacterium frederiksbergense on glucose and anthracene
(Shi et al. 2007). Therefore, we conclude that the occurrence of the pre-D phase under limiting
growth conditions might be a species-related feature that probably reflects the proteome equipment
of a species under certain limiting growth conditions. When, after exhaustion of carbon and
energy sources, cells remaining in pre-D phase are inoculated into fresh medium, they divide.
An immediate increase in cell number is observed, followed by an increase in their individual
cell mass, analysed via forward and side scatter modes, and which result in start of proliferation.

The meaning of cell cycle distributions in a bacterial DNA histogram
Within typical eukaryotic-like cell cycle progression of a population, some cells contain the
single chromosome equivalent; others the double one, whereas some cells proliferate (Fig. 1).
However, it is generally unknown how many chromosomes are contained within the first
distribution of a DNA histogram. What presents itself as the first chromosome equivalent might
already contain two identical chromosomes or even more. The real number of chromosomes of
a bacterium is seldom known, especially if the species investigated is enriched from environment.
To determine basic chromosome numbers, the DNA of a species needs to be sequenced and its
individual quantitative DNA content estimated. Doing this, some bacterial species have been
found to possess not only multiples of identical chromosomes but also chromosomes of different
size and function. This has been found for Ralstonia solanacearum (Coenye & Vandamme
2005), Vibrio cholerae and some Burkholderia species (Egan et al. 2005). Since the verification
of the basic DNA equipment of a species is labour intensive, there is agreement not to estimate
real chromosome numbers each time one deals with a new species. Information on individual
physiological states is abundantly available, even if the first DNA distribution in a histogram
is not resolved down to its chromosomal composition. The first DNA distribution in a histogram
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should always be seen as the benchmark subpopulation if the bacteria were grown under
adequate and practically stress-free growth conditions. Thus, cell cycle behaviour should be
determined over different culture times, and the subpopulations should be named according
to position of the first distribution in the histogram as Cn, C2n and so on, where C stands for
chromosome equivalent and n for the number of the smallest found chromosome equivalent in
one cell, using flow cytometry.

One should be mindful of a further important fact hidden behind DNA subpopulation
distributions if growing bacteria are analysed. Bacteria possess various strategies to perform
cell division, and these are strictly species-related. Up to now, several types of cell division
procedures have been described, among them the classic symmetric (e.g. the soil bacterium
Pseudomonas putida) and asymmetric (e.g. the marine bacterium Desulfobacula toluolica) cell
division types (Fig. 3). Bacteria performing symmetric cell division will display a doubling of
the chromosome contents like Cn, C2n, C4n and so on. Other microorganisms divide asymmetrically
and display patterns, such as Cn, C2n, C3n, C4n, C5n. Symmetric, or so-called binary fission, is a
widespread mechanism of cell division in many bacterial species. Whereas here, in two nearly
equivalent daughter cells, a polar septum is produced in case of asymmetric cell division. Two,
often morphologically different daughter cells, are generated which, as in case of C. crescentus,
might be spatially isolated from each other in their living space. Budding bacterial cells are
also widely distributed, especially within the marine microorganisms. Examples are the above
mentioned D. toluolica and Muricauda ruestringensis, the latter showing symmetric cell division
under optimal growth condition whereas swarming and coccoidal cells with non-duplicate
chromosome equivalents are generated under limiting population growth conditions (Müller
et al. 2001). This behaviour might be an evolutionary outcome for adaptation to low-nutrient
containing water surroundings, where swarming daughter cells are able to more easily find better
conditions for growth. Some soil bacteria also show asymmetric cell division. An example is
Streptomyces coelicolor where proliferation occurs a priori without cell division. The species
generates a mycel consisting of hyphen-like multichromosomal filaments that divide
synchronously under distinct limiting conditions into spores containing only one chromosome
(Kelemen et al. 2001). Apart from the licensing/initiation-mass model of Bates & Kleckner
(2005), who described that the ‘occurrence of cell division may per se license the chromosome(s)
for the next round of replication initiation’, to date many species have been found to behave
otherwise. The strategy of some species of preventing cell division under conditions of
nutrient exhaustion is probably dictated on the one hand by the costly need for energy and
metabolites in order to perform cell division and on the other hand by the universal feature
of bacteria of staying together if growth conditions worsen. Then again, an archaea, such as
Methanothermobacter thermoautrophicus (Majernik et al. 2005), has been found to display
synchronous cell division of long filaments after nutrient limitation. Further peculiar features of
replication and cell division proceedings have been shown for the archaea Methanocaldococcus
jannaschii that contains an excess of chromosome copies under both optimal and limited growth
conditions, and displays asynchronous initiation of replication and unequal distribution of
chromosomes to daughter cells (Maisnier-Patin et al. 2002). An overview concerning different
modes of cell cycle organization of archaea is provided in a review by Bernander (2000). The
very different types of growth and proliferation regarding phenotype and DNA pattern in bacteria
and also in archaea indicate the enormous diversity of possible replication and chromosome
separation mechanisms, along with cell division, in addition to the mechanisms described for
C. crescentus and E. coli.

DNA pattern also provides further information when cells enter starving states. Starving is
the typical situation in the environment to which bacteria are exposed. Under such conditions,
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DNA can be degraded. In such a case, cells might show DNA distribution that is below Cn, as
has been shown for Cupriavidus necator grown at phenol concentrations that were at the
borderline of being toxic, thus preventing substrate turnover. We have been able to prove that
C. necator reduced its usual B phase chromosome content by half, and we called these individuals
‘off-cell-cycle cells’. These dormant cells clearly kept their protein synthesis machinery going
by preparing themselves for entering the life cycle again via expressing proteins involved in
protein translation such as the elongation facter Tu, and the ribosomal protein S1 (Wiacek et al.
2006). We assume that many bacteria usually contain more than the single chromosome content
under moderate growth conditions and degrade DNA to an operable minimum only under stress
if they need energy or metabolites to survive. These off-cell-cycle cells are able to join the cell

Figure 3. P. putida KT 2440 was cultivated on benzoate (3 g/L) in a chemostat at dilution rates below 0.05 hours
at 30 °°°°C. The bioreactor was started as batch culture (above 14 h) and continued as chemostat (260 h). D. toluolica
was grown anaerobically with toluene as sole source of carbon and energy, batch-wise, in a bicarbonate-buffered mineral
salt medium for marine sulphate-reducing bacteria. Usually, the medium was spiked with 30 mL/L HMN-toluene. For
cultivation, 56 or 118 mL serum bottles were used, which were filled with 50 or 100 mL culture suspension, respectively,
and closed with Teflon-coated butyl rubber stoppers. The staining procedures and device equipment were the same as
described in Figure 1 (DAPI concentration: 0.5 μm DAPI within solution B, one washing step less for D. toluolica
because of the mechanical fragility of the organism; see Vogt et al. 2005). Cells were harvested during exponential
(top-histograms) and stationary (button-histograms) phases of growth. P. putida shows the typical symmetric, whereas
D. toluolica represents the asymmetric cell division behaviour as is indicated by the mode values of the subpopulations.
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cycle again under better growth conditions (Wiacek et al. 2006). However, if the conditions
worsen, cells contain only parts of the original Cn content or loose their DNA entirely, which is
obvious from highly spread DNA histogram distributions below the Cn/2 content. This inevitably
means cell death. Such cells or ‘ghosts’ are often described as being present in marine
environments (Hessenberger et al. 1996).

DNA patterns and cell physiology
To understand why cell proliferation patterns are so useful for determining bacterial physiological
states, individual life strategies of these organisms need to be kept in mind; these are
multiplication and survival. Under favourable microenvironmental conditions bacteria will
multiply quickly but with a decreasing velocity the more restrictive the growth conditions
become. This will alter individual number of chromosomes. If growth conditions decline even
more they will end the proliferation process and concentrate on accumulation of carbon and
energy resources by storing lipids or/and carbohydrates. Finally, under depleted growth conditions,
they change to maintenance and will degrade cell contents to obtain metabolites and energy,
among them DNA itself. Different growth rates are mirrored adequately by number of DNA
subpopulations and the quantities of the cells inside these subpopulations. However, although
such changes will be not observed under limited conditions, the consistent pattern will be
specific for a well-defined situation of a particular species. The same is true for DNA patterns
generated by organisms during maintenance. Some species are known to degrade their DNA
within hours; others maintain their DNA equivalents for months. Therefore, together with bulk
information, DNA patterns of non-growing populations might release information on whether
cells are storing up resources or are already in a maintenance state.

Kind of bacterial cycling is on the one hand caused by the genetic background of a species
and on the other by quality and quantity of a substrate, as well as the microenvironmental
conditions present. Under optimal or moderate growth conditions, DNA synthesis is tied to
bacterial reproduction. We have observed that eukaryotic-like cell cycling proceeds when a species
has had a low affinity for a specific substrate. An example is the relatively poor growth of
Rhodococcus erythopolis K2-3 on xylitol or succinate, even at high or non-toxic stationary
substrate concentrations (Müller et al. 2002). Furthermore, partial availability of metabolic
pathways and/or slow kinetics of the enzymes involved are further factors that may prevent
uncoupled DNA synthesis and high growth rates. For example, low substrate concentrations
of phenol have resulted in a eukaryotic-like cell cycle of C. necator, which mineralized the
substrate via the low efficiency ortho-pathway. An increasing substrate’s supply led to additional
expression of the meta-pathway, which, at distinctly enhanced substrate concentrations resulted
in increased proliferation activity of this species. In this case, the additional energy and
metabolites provided by the meta-pathway were not sufficient to induce uncoupled DNA
synthesis. However, change in the eukaryotic-like cell cycle pattern clearly demonstrated
escalating growth behaviour of the species (Wiacek et al. 2006). A more straightforward behaviour
pattern showed the species A. calcoaceticus during growth on phenol, where proliferative
activity increased in an almost linear manner with the substrate supply until starting uncoupled
mode of DNA synthesis (Müller et al. 2000; Müller & Babel 2003). In addition, low substrate
concentrations resulted in eukaryotic-like cell cycle modes despite the high affinity of the
species for the substrate. Analysing DNA synthesis enabled the speed of its synthesis to be
measured and switching points to be detected within different kinds of eukaryotic-like to
uncoupled modes of proliferation. At the metabolic level, modes of proliferation depend on the
ability of a species to use metabolites and energy of a substrate supplied for DNA synthesis.
Ability to take up a substrate is the first limiting step, followed by existence of metabolic
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pathways that mineralize the substrate with a high or low efficiency. Certain aspects of the
different efficiencies can be explained, but more often we can only hypothesize about bottlenecks
or pacemaker reaction(s) (Babel & Müller 1985). Accordingly, some microorganisms are
inclined to direct energy and metabolites mainly into multiplication, whereas others direct
energy and metabolites into storage materials. This might occur in parallel but also instead of
DNA synthesis. Therefore, in summary, the mode of the bacterial cell cycle depends on substrate
concentration, affinity of a species for a substrate, metabolic traits available for using the
substrate and on efficiency of the metabolic traits for providing energy and basic metabolites for
growth. DNA synthesis stops when energy must be consumed in order to stabilize and maintain
the cells as dynamic, living systems.

Cell culture techniques to obtain DNA patterns
Up to now, knowledge of species-specific cell cycle operation can be obtained only from cultivable
bacteria. Different culture techniques are available to elucidate the various life strategies of
these organisms. Bacterial populations can present dissimilar successive phases of growth
(Neiddhardt 1999). These phases are also described as being deterministic (ongoing replication
and division) and stochastic (free of replication and division, Bley 1987). The deterministic
phase is characterized by optimal availability of nutrients and growth conditions that meet
genotypic optimum for a cell. The stochastic phase emerges under unbalanced growth conditions.
Because the nature of substrates and microenvironmental conditions have a strong influence on
growth rates of bacteria, culture procedures need particular attention to be paid to them.
Determination of length of particular B, C, pre-D and D phases of individuals within a bacterial
population should be performed by culturing them in batch-cultures containing different
substrates. This technique causes semisynchronous growth behaviour and produces defined
subdistributions that represent all possible states of the cells in the cell cycle. Number of
subdistributions, cell quantities inside a subdistribution and dynamics of these distributions
over time allow a rough estimation of cell cycle behaviour (Skarstad et al. 1986). It should be
emphasized, as has already been done by many people, including Steen (2000) that cell cycle
patterns of a population change during every moment of the culture. Performances of the cells
are always dissimilar, even within minutes, as batch-culture results in unbalanced nutrient
compositions or sudden changes in nutrient availability. Bacteria often respond to these via
overflow metabolism or, under famine conditions, they might cease proliferation and product
synthesis and use still available carbon and energy sources for maintenance and survival
(Maskow et al. 2006).

A closer and definite consideration of growth behaviour is possible by involving chemostat
techniques to culture bacteria under balanced growth conditions. Under these, bacteria first and
foremost replicate and safeguard the genome, although they additionally might induce product
synthesis to avoid a loss of energy or to channel reduction-equivalents. In such situations,
intermediates may not find a reaction partner, but are nevertheless synthesized. They polymerize
and are stored inside the cell or are channelled into the cell surroundings. Balanced growth
conditions result in a population being in a steady state, which is constant in its age distribution
and is characterized by historic generation time. Because defined artificial disturbances will
produce specific cellular reactions, depending on the stage in the cell cycle, this technique provides
knowledge of how a cell may react to distinct disturbances from the microenvironment.

DNA Labelling
Determination of chromosome equivalents using flow cytometry requires application of
fluorescent dyes. Frequently, bacterial DNA staining is restricted to fixed cell samples. However,
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common fixation procedures (e.g. formaldehyde or glutaraldehyde), routinely used for eukaryotic
cells, often cause agglutination as well as enhancement of autofluorescence intensities, which
prevent flow cytometric analysis of bacteria. Formaldehyde is also known to stabilize and close
cell membranes by taping surface proteins and thus to prevent further intracellular labelling of
the bacteria. On the other hand, formaldehyde can be used to seal cells to prevent leakage of dyes
after staining living cells (Achilles et al. 2006). Additionally, the structure (cell membrane) of
bacterial cells can be destroyed, for example, by ethanol, in such a way that the cells’ scatter
signal, which is normally chosen as trigger, is no longer efficient enough to cytometrically divide
the cell from the noise. Therefore, we strongly recommend using 10% NaN3 for preservation
of aerobic culture of bacterial cells. This has been shown to reliably maintain stable DNA
distribution for 3 months or more. Anaerobically grown bacteria require other fixation procedures.
For example, we use a mixture of 15 mm sodium molybdate and 100 mm hydrogen peroxide to
fix sulfate reducers, a procedure that is not as stable as the one described above but works for
at least for 2 weeks (Vogt et al. 2005).

Quantitative determination of chromosome numbers of a bacterial cell is up to now still a
challenge. Many commercially available flow cytometers are not well suited for analysing
such DNA patterns, due to a lack of sensitivity and to inappropriate excitation sources. High
sensitivity is necessary in order to obtain good resolution for the scatter signal trigger function.
Furthermore, DNA dyes should specifically label DNA stoichiometrically. If bacteria are growing,
the RNA content is much higher than the DNA content and thus nucleic acid dyes might provide
an inaccurate indication of cell cycle activity. Such dyes include TO-PRO, the TOTO dye family
(Guindulain et al. 1997), ethidium bromide, propidium iodide (Bailey et al. 1977; Hutter &
Eipel 1979) and Sytox Green (Veldhuis et al. 1997). Pico Green is highly selective for dsDNA
as compared to RNA and is used to segregate high from low-nucleic acid containing species
within natural marine communities (Thyssen et al. 2005). These dyes and others are well
described by Shapiro (2003); some of them require disruption of membranes and treatment with
enzymes (RNase) for reliable DNA staining. We prefer DAPI (4′,6-diamidino-2-phenylindole)
as a dye that labels A/T-rich regions of DNA in bacteria, and when excited with an ML-UV-
Laser (180 mW) gives reliable DNA distributions, usually at a concentration of 0.24 μm. This
concentration needs to be calibrated for each species newly arrived into the laboratory workload
or newly isolated from the environment. As already highlighted by Button & Robertson (2001),
DAPI is bright, stable and minimally affected by DNA conformation. Additionally, this dye is
easy to combine with others, which are excitable at higher wavelengths, to label further structures
or functions within the bacterial cell. It was possible to analyse small 1- to 2-Mb-genome cells
from fresh- and seawater as well as low DNA cells (‘dims’ with an apparent DNA content of
0.1 Mb) according to their chromosome contents, after permeabilization with Triton X (Button
& Robertson 2001). If living cells are investigated, the dyes used should meet the criteria of low
cytotoxicity. A widely used DNA dye is Hoechst 33342 that has so far been applied for
investigations into spermatogenesis (Bastos et al. 2005). In addition, we have found Hoechst
33342 to be useful for following cell cycle behaviour in living bacterial cells (Shi et al. 2007).
Detection of chromosome numbers in living cells needs an exceptionally careful calibration to
prevent any toxic effects of the dye on cell viability. This is, however, easily tested by cell sorting
on agar plates. Additionally, a clear assignment needs to be made due to dye pumping.

Bacteria contain a number of active and passive mechanisms to protect themselves against
toxic assault. Passive mechanisms include increase and decrease of fluidity or stability of the cell
membranes or the cell walls, which occasionally may prevent labelling of the chromosomes.
One of the active mechanisms is the ability to immediately transport toxic compounds out of the
cells. The expression of such energy-dependent efflux pumps are known to cause antibiotic



634 S. Müller

© 2007 The Author
Journal compilation © 2007 Blackwell Publishing Ltd, Cell Proliferation, 40, 621–639.

resistance (Hsieh et al. 1998). Additionally, cell substrate concentrations can be regulated via
such systems. As an example, cellular toluene concentration is, among other mechanisms,
reduced by a protein belonging to the resistance nodulation cell division (RND) family, HAE1.
An overview concerning various efflux systems is given by Saier (2000). Action of efflux pumps
can be diminished or inhibited, for example by adding verapamil, NaN3 or the protonophore
m-chlorophenylhydrazone (CCCP). In the case of verapamil, the compound is described as
competing to Hoechst 33342 via binding to the same drug interaction site (Krishan 1987;
Borges-Walmsley et al. 2003).

Future glimpses
Bacteria are used in synthesis of valuable materials, for example pharmaceuticals, antibiotics,
enzymes, metabolites and various other compounds. They act as catalysts for degradation and
detoxification of hazardous chemicals and they play an increasingly disturbing role in human
health. Understanding bacterial physiology, growth behaviour and survival strategies will open
ways to use, exploit or fight bacteria on the basis of their inherent characteristics. One of the
many tools to do this is to ‘read’ their proliferation patterns and to link this with the basic
physiological knowledge of a species (Bartra et al. 2001; Akselband et al. 2005; Mergaert et al.
2006). Once DNA patterns of a species are related to distinct physiological states, a tool is
available that can be immediately used to quickly and reliably determine cell states and therefore
the metabolic and survival potential of a species.

Current knowledge concerning the diverse multitude of complex bacterial communities and
capacities is based mainly on studies of pure microbial cultures. Yet, pure cultures are highly
artificial because ecosystems always consist of different taxa that generally use different strategies
to gain energy and to survive. However, most bacteria present in nature are not culturable in pure
conditions by means of classic methods (Pace 1997). As a result, almost nothing is known
concerning complexity and diversity of ongoing bacterial interactions in many ecosystems,
which are difficult to determine. Attempts to elucidate microbial interactions have often been
made in the past by studying defined mixed laboratory cultures (Pelz et al. 1999) or natural
communities by using phylogenetic techniques and simultaneous application of labelled
substrates (Lee et al. 1999). Although for a long time the majority of bacteriologists were not
aware of the possibilities that flow cytometry offers (Steen 2000); in the meantime, the technique
has been shown to be able to analyse single-cell characteristics within communities. A greater
insight is obtained into activities of the members of a community and more informative data
are acquired than would be obtained using measurements of average properties on an entire
consortium. Up to now, most such investigations have been performed on oceanic samples and
have concentrated on phytoplankton containing the picoeukaryotic algae, the less abundant
eukaryotic nanophytoplancton and also the numerous prokaryotic cells. These are routinely
and quickly enumerated by different flow cytometric technical inventions (Rutten et al. 2005;
Zubkov & Burkill 2006). Furthermore, DNA patterns have been useful to specifying the role of
known members of bacterial consortia (Müller et al. 2002; Vogt et al. 2005). Studies following
the proliferation dynamics within enrichment cultures or natural communities remain scarce
until now and might remain a considerable challenge in the near future (Vaulot et al. 1995;
Fuchs et al. 2005; Kleinsteuber et al. 2006).

To circumvent the arising future problems, knowledge of bacterial DNA patterns needs to
be determined for as many species, substrates and growth rates as possible. These data should
be presented as an open source data bank and thus allow for proliferation behaviour of known
and even of similar but still unknown species, within communities to be elucidated. Additional
techniques should combine approaches, such as phylogenetic analysis as well as metaproteome



Bacterial cell cycle 635

© 2007 The Author
Journal compilation © 2007 Blackwell Publishing Ltd, Cell Proliferation, 40, 621–639.

applications towards distinct functions. To date, particularly if slowly growing species coming
from natural environments are investigated, a precise determination of bacterial DNA patterns
requires flow cytometers optimally equipped with high-cost ML-UV lasers or with a high optical
resolution. This is necessary to quantitatively determine the weak fluorescence coming from a
single bacterial chromosome.

However, affordable technical improvements are on the way (Shapiro & Perlmutter 2006),
and will allow routine analysis of bacterial DNA pattern in future. Increasing phylogenetic,
transcriptomic/proteomic and physiological knowledge as well as improved data acquisition, data
handling and development of reliable data bases, will push forward the importance of
flow cytometry in microbiology. Flow cytometry has already started to conquer microbial
biotechnology and to deliver information for systems biology. It will also become a tool to open
the gates of knowledge hidden behind the structure of natural bacterial communities.
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