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Summary
Cell division is mediated by different mechanisms in
different evolutionary lineages. While bacteria and
euryarchaea utilize an FtsZ-based mechanism, most
crenarchaea divide using the Cdv system, related
to the eukaryotic ESCRT-III machinery. Intriguingly,
thaumarchaeal genomes encode both FtsZ and Cdv
protein homologues, raising the question of their division mode. Here, we provide evidence indicating that
Cdv is the primary division system in the thaumarchaeon Nitrosopumilus maritimus. We also show that
the cell cycle is differently organized as compared to
hyperthermophilic crenarchaea, with a longer prereplication phase and a shorter post-replication
stage. In particular, the time required for chromosome
replication is remarkably extensive, 15–18 h, indicating a low replication rate. Further, replication did not
continue to termination in a significant fraction of
N. maritimus cell populations following substrate
depletion. Both the low replication speed and the propensity for replication arrest are likely to represent
adaptations to extremely oligotrophic environments.
The results demonstrate that thaumarchaea, crenarchaea and euryarchaea display differences not only
regarding phylogenetic affiliations and gene content,
but also in fundamental cellular and physiological
characteristics. The findings also have implications
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for evolutionary issues concerning the last archaeal
common ancestor and the relationship between
archaea and eukaryotes.

Introduction
Two main evolutionary lineages, the Crenarchaeota and
Euryarchaeota phyla (kingdoms), were originally recognized within the Archaea domain of life (Woese et al.,
1990). The phylum Thaumarchaeota was proposed in
2008 (Brochier-Armanet et al., 2008) based on phylogenetic evidence and gene content analyses, a proposal
that subsequently has gained further support (Spang
et al., 2010; Gupta and Shami, 2011; Kelly et al., 2011).
Thaumarchaea are ubiquitous in both marine and terrestrial biotopes and are particularly abundant in the vast
aphotic zone of ocean environments (Karner et al., 2001;
Leininger et al., 2006; Agogué et al., 2008), and thus rank
among the most numerous organisms on Earth. The
Thaumarchaeota phylum comprises large and diverse
clades of ammonia oxidizers (Francis et al., 2007; de la
Torre et al., 2008; Hatzenpichler et al., 2008; Zhang et al.,
2010; Urakawa et al., 2011), including the first thaumarchaeal species to be isolated and grown in pure culture,
Nitrosopumilus maritimus (Könneke et al., 2005). Biogeochemical and physiological studies implicate thaumarchaea as a key factor in global nitrogen cycling (Wuchter
et al., 2006; Beman et al., 2008), and N. maritimus displays a 200-fold higher ammonium affinity than any characterized bacterial ammonia oxidizer (Martens-Habbena
et al., 2009).
In all crenarchaeal species so far analysed, the cell
cycle is organized into a distinct pattern in which the
post-replicative stage (G2, mitosis and cell division) is the
longest phase during exponential growth (Bernander and
Poplawski, 1997; Poplawski and Bernander, 1997; Hjort
and Bernander, 2001; Bernander, 2007; Lundgren et al.,
2008), possibly as an adaption to life in extreme environments (Andersson et al., 2010). In contrast, the euryarchaeal species that have been investigated do not
display a coherent picture in terms of cell cycle organization (Malandrin et al., 1999; Maisnier-Patin et al., 2002;
Majernik et al., 2005; Soppa, 2011). No information has,
to date, been reported about the cell cycle characteristics
of thaumarchaea.

Cell division is an integral part of the cell cycle in all
organisms. A majority of the euryarchaea, as well as most
bacteria, utilize a system based on the tubulin-like FtsZ
protein (Bernander and Ettema, 2010). Recently a novel
cell division mechanism, the Cdv machinery, was discovered in crenarchaea (Lindås et al., 2008; Samson et al.,
2008). Two out of the three Cdv proteins display homology
to the eukaryal ESCRT-III vesicle formation system, which
also has been implicated in cytokinesis (Morita et al.,
2010; Guizetti et al., 2011). Intriguingly, genome sequencing of N. maritimus (Walker et al., 2010) and of other
members of the recently recognized thaumarchaeal
lineage, e.g. Caldiarchaeum subterraneum (Nunoura
et al., 2011), Cenarchaeum symbiosum (Hallam et al.,
2006), Nitrosoarchaeum limnia (Blainey et al., 2011) and
Nitrososphaera gargensis (Spang et al., 2010), has
revealed the presence of both FtsZ- and Cdv-encoding
genes, bringing up the issue of which system is utilized for
cytokinesis.
Here, we provide evidence indicating that N. maritimus
employs the Cdv system for cell division, raising the question of the function of FtsZ in this organism, and present
the first cell cycle characterization of a thaumarchaeon.

Results
To investigate cell cycle characteristics and division features, N. maritimus cells were cultivated in batch cultures
at 30°C (Martens-Habbena et al., 2009). Growth was
monitored by measuring nitrite accumulation (MartensHabbena et al., 2009), and cells were harvested at different time points to obtain samples representing actively
growing cultures at different cell concentrations (Fig. 1).
Cell cycle and stationary phase characteristics were
determined by flow cytometry, while division features were
investigated by immunofluorescence microscopy, using
polyclonal antibodies raised against N. maritimus Cdv
and FtsZ proteins.
Relative lengths of cell cycle periods
The relative number of cells in different cell cycle phases
in actively growing cultures was determined by flow
cytometry analysis. The DNA content distributions (see
example in Fig. 2A) revealed a major peak corresponding
to a single copy of the chromosome (G1 stage), a proportion of about half the cell population containing between
one and two chromosome equivalents (S phase), and a
minor peak corresponding to two fully replicated chromosomes (cells in the G2, mitosis and division stages).
To calculate the length of the cell cycle phases in the
individual cell, all samples collected from actively growing
cultures (Fig. 2B; also from cultures not shown) were subjected to theoretical simulations (Michelsen et al., 2003),

Nitrite [µM]

2 E. A. Pelve et al. 䊏

Time [days]
Fig. 1. Growth of N. maritimus batch cultures. Growth of replicate
batch cultures measured by monitoring nitrite accumulation. Arrows
indicate sampling for flow cytometry.

in which the exponential age distribution was taken into
account, i.e. the fact that there are twice as many
newborn as dividing cells. About two-fifths of the cell
populations in actively growing cultures contained a single
chromosome, resulting in a pre-replicative period length
of 19–29% of the cell cycle, depending on sample, or
6–10 h at a doubling time of about 33 h (calculated from
Fig. 1). The proportion of replicating cells was 45–53%,
corresponding to an S phase length of 15–18 h, and the
post-replicative period was estimated to 24–30% of the
cell cycle (8–10 h). A schematic illustration of the deduced
cell cycle is shown in Fig. 3.
Growth cessation and rate of replication fork movement
The overall organization of the cell cycle (above) contrasted markedly with that observed in hyperthermophilic
crenarchaea (Bernander and Poplawski, 1997; Poplawski
and Bernander, 1997; Hjort and Bernander, 2001;
Bernander, 2007; Lundgren et al., 2008), for which the
relative peak heights in DNA content distributions are
opposite relative to N. maritimus, i.e. most cells reside in
the post-replicative cell cycle stages (cells with two copies
of the chromosome) during exponential growth, while the
proportion of pre-replicative cells (single chromosome) is
small. An additional characteristic of hyperthermophilic
crenarchaea is a distinct tendency to rest in the postreplicative cell cycle phase when growth has ceased (Bernander and Poplawski, 1997; Hjort and Bernander, 1999;
Lundgren et al., 2008). Again, N. maritimus differed from
crenarchaea, in that the proportion of cells containing two
© 2011 Blackwell Publishing Ltd, Molecular Microbiology
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Fig. 2. Flow cytometry analysis and cell cycle simulations of
N. maritimus.
A. Flow cytometry DNA content distribution corresponding to 9 day
time point in Fig. 1.
B. Winflow (Michelsen et al., 2003) simulation of DNA content
distribution in A.
Explanation of designations: diagonal stripes, cell populations
containing a single chromosome (cells in pre-replicative stage; G1
phase; see Fig. 3) or two chromosomes (post-replicative stage; G2,
M and D; see Fig. 3); grey shading, cells containing between one
and two genome equivalents (S phase); solid line, combined
distribution.

chromosomes decreased when nitrite accumulation (i.e.
cell multiplication) declined (Fig. 4), showing that cell division continued in the cultures during entry into stationary
phase. Interestingly, despite continued incubation for
several days after cessation of growth, the populations
never reached a state in which the cells exclusively contained fully replicated chromosomes. Many cells that were
in S phase at the time when ammonium was depleted and
cellular growth ceased did, thus, not complete replication
and arrested with a genome content between one and two
chromosomes. This could be related to the extremely slow
rate of replication in N. maritimus (below), and might be a
© 2011 Blackwell Publishing Ltd, Molecular Microbiology

Fig. 3. Cell cycle of N. maritimus. Explanation of designations: G1,
gap 1 phase; S, DNA synthesis (replication) phase; G2, gap 2
phase (may not exist in N. maritimus); M, mitosis (genome
segregation); D, division (cytokinesis). The micrographs were
selected to illustrate different cell cycle stages although the precise
phase of a cell with a single fluorescence focus is unknown: an S
stage cell is generally larger and displays a stronger fluorescence
signal (increased DNA content resulting from chromosome
replication) than a G1 cell. Cell perimeters were manually enhanced
for clarity. Blue (DNA) and green (CdvA) fluorescence signals were
generated as explained in the legend to Fig. 5.

characteristic feature in the extremely oligotrophic environments in which marine thaumarchaea reside (see
Discussion).
With a genome size of 1.645 Mb (Walker et al., 2010)
and assuming bidirectional replication from a single chromosome replication origin, an S phase length of 15–18 h
corresponds to a replication rate of 13–15 bp s-1 for an
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Fig. 4. DNA content distributions during substrate deprivation.
Flow cytometry DNA content distributions from samples of an
N. maritimus batch culture at different time points (see Fig. 1).
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Fig. 5. Distribution of the CdvA protein in actively growing N. maritimus cells. The cells were incubated with antibodies against the CdvA
protein, followed by staining with secondary antibodies conjugated to Alexa Fluor 568 (red fluorescence). Nucleoids were visualized with the
DNA-specific DAPI stain (blue).
A. Overview of frequency of cells displaying CdvA-dependent fluorescence.
B. Enlarged images of individual cells from A (rows 1–3) or from additional micrographs (rows 4–5).
For clarity, cell perimeters have been manually enhanced in the stainings: actual cell perimeters may be observed in the phase contrast
images (first column). Scale bar, 1 mm.

individual replication fork. If the N. maritimus chromosome
would contain multiple replication origins, similar to a
range of crenarchaeal species (Lundgren et al., 2004;
Robinson et al., 2004; Robinson and Bell, 2007), the
speed of individual fork movement would be even lower.
Even assuming a single origin, this is a low replication rate
compared to other, hyperthermophilic, archaeal species
analysed (80–330 bp s-1) (Myllykallio et al., 2000;
Lundgren et al., 2004), and more similar to rates observed
in eukaryotic organisms (Jackson and Pombo, 1998;
Conti et al., 2007; de Moura et al., 2010). The low rate is
likely to be an effect of the lower temperature at which
DNA polymerization occurs, relative to hyperthermophiles, combined with adaptation to the low nutrient availability in the natural environment of Nitrosopumilus
species, with consequent limitations in terms of energy
and precursors for DNA synthesis.
Cell division
Intriguingly, thaumarchaeal genomes contain genes associated with both main cell division systems used by bacteria and archaea. Antibodies against CdvA (Nmar_0700),
three CdvB paralogues (Nmar_0029, Nmar_0061 and
Nmar_0816), CdvC (Nmar_1088) and FtsZ (Nmar_1262)
were used to elucidate which of the two systems is utilized
by N. maritimus. Immunofluorescence microscopy of cells
stained with antibodies against CdvA revealed sharp, centrally positioned, band-like structures in a subpopulation
consisting of 20–25% of the cells (Fig. 5A). The structures
correlated strongly with the presence of segregated
nucleoids (Fig. 5B), similar to patterns observed in crenarchaea from the genus Sulfolobus (Lindås et al., 2008;
Samson et al., 2008). Conversely, in cells in which no
segregated nucleoids could be discerned, CdvA band
structures were rarely observed. Staining with antibodies
against CdvC resulted in a similar pattern (Fig. 6), indicating colocalization of the two proteins in a joint central cell
structure during the division stage of the cell cycle
(Samson et al., 2011).
Two of the three CdvB paralogues, Nmar_0029 and
Nmar_0816, also correlated with the presence of segregated nucleoids and, further, also with the presence of
CdvA and CdvC in double stainings (Fig. 7A and B), i.e.
the CdvB proteins were rarely observed in cells lacking
either of the other two Cdv proteins. In contrast to CdvA
and CdvC, however, distinct band structures were not

detected: most cells instead displayed evenly distributed
fluorescence across the interior.
Presence of the FtsZ protein was neither temporally nor
spatially correlated with nucleoid segregation and no
band structures were observed (Fig. 8). Instead, FtsZ, as
well as the third CdvB paralogue, Nmar_0061 (Fig. 8C),
were evenly distributed in a majority of the cell population
regardless of cell cycle stage, i.e. independent of cell size
or nucleoid distribution.
In addition to direct observation of division structures,
the microscopy analyses provided information about
overall cell cycle parameters. Since the fraction of cells
containing two chromosome equivalents in the flow
cytometry analysis was in the order of 25–30%, the fact
that 20–25% of the cells displayed segregated nucleoids
in fluorescence microscopy indicated that genome segregation occurred within a short time interval after termination of chromosome replication, i.e. that the G2 stage is
short, or absent, in N. maritimus. Finally, cells undergoing
nucleoid segregation and cell division displayed a distinctly elongated morphology (e.g. Fig. 5B), showing that
dynamic changes in cell organization occurred during cell
cycle progression.

Discussion
We report evidence indicating that N. maritimus utilizes
the Cdv machinery for cell division, and also show that the
cell cycle displays strikingly differential characteristics
as compared to species belonging to the crenarchaeal
lineage, with which thaumarchaea were previously
grouped.
The CdvA and C proteins formed distinct centrally
positioned structures, presumably ring-shaped, between
segregated nucleoids, similar to the Cdv machinery of
Sulfolobus (Lindås et al., 2008; Samson et al., 2008). Two
out of three CdvB paralogues correlated with the presence of CdvA and CdvC, and also with segregated nucleoids, indicating participation in the same process. The
absence of band-like structures for these could reflect
mechanistic differences, less stable association with the
division structure, or a large protein excess that obscured
visualization. Regardless, we conclude that Cdv proteins,
rather than the FtsZ machinery as previously suggested
(Makarova et al., 2010; Samson and Bell, 2011), are used
for cell division in thaumarchaea, and that division is likely
to occur in a similar mode as in crenarchaea. In terms
© 2011 Blackwell Publishing Ltd, Molecular Microbiology
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of regulatory features, the cdv genes are cell-cyclespecifically transcribed in S. acidocaldarius, such that
strong induction occurs shortly before the division stage
(Lundgren and Bernander, 2007). The specific correlation
between Cdv fluorescence foci, elongated cells and segregated nucleoids indicate similar regulation of cdv
expression in N. maritimus.
The FtsZ protein, as well as one CdvB paralogue,
showed no correlation to nucleoid distribution or cell cycle
stage, no band-like structures, and a largely uniform intracellular distribution. In Sulfolobus, involvement in viral
release (Ortmann et al., 2008; Snyder and Young, 2011)
and vesicle budding (Ellen et al., 2009) for Cdv proteins
has been discussed, and one or more of the Nitrosopumilus CdvB homologues could also be involved in processes
other than cytokinesis, in line with their disperse localization in the genome. Since we find no support in our data
for a cytokinesis function for FtsZ, even if a subtle role
cannot be ruled out, we propose that the protein has

Merged

Fig. 6. Distribution of the CdvC protein in
actively growing N. maritimus cells. The cells
were incubated with antibodies against the
CdvC protein, followed by staining with
secondary antibodies conjugated to Alexa
Fluor 488 (green fluorescence). Nucleoid
staining and manual enhancement of cell
perimeters is described in the legend to
Fig. 5. Scale bar, 1 mm.

evolved a different function in thaumarchaea. In agreement, thaumarchaeal FtsZ sequences form a wellsupported distinct branch in phylogenetic analyses
(Makarova and Koonin, 2010), separate from bacterial
and euryarchaeal clades containing FtsZ proteins shown
to be involved in cell division. In further support of an
alternate role, atypical FtsZ homologues suggested to
function in other membrane-remodelling processes than
cytokinesis have been reported in Sulfolobus (Makarova
et al., 2010), in which division is Cdv-mediated. In this
context, it is also of interest that FtsZ homologues (TubZ)
in Bacillus species form axial filaments that contribute to
plasmid segregation (Ni et al., 2010), suggesting that an
involvement in chromosome segregation for the N. maritimus homologue is conceivable.
The N. maritimus DNA content distributions represent a
mirror image of those observed in crenarchaea, thus constituting a differential feature between organisms from the
Thaumarchaeota and Crenarchaeota phyla. The fact that

Fig. 7. Distribution of CdvB proteins in actively growing N. maritimus cells.
A. Cells incubated with antibodies against the CdvA and CdvB (Nmar_0029) proteins.
B. Cells incubated with antibodies against the CdvA and CdvB (Nmar_0816) proteins.
Secondary antibody staining, nucleoid staining and manual enhancement of cell perimeters is described in the legends to Figs 5 and 6. Scale
bar, 1 mm.
© 2011 Blackwell Publishing Ltd, Molecular Microbiology
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Fig. 8. Distribution of FtsZ and Cdv proteins in actively growing N. maritimus cells.
A. Overview of frequency of cells displaying CdvA- and FtsZ-dependent fluorescence.
B. Enlarged images of individual cells displaying CdvA- and FtsZ-dependent fluorescence.
C. Enlarged images of individual cells displaying CdvB (Nmar_0061)- and FtsZ-dependent fluorescence.
Secondary antibody staining, nucleoid staining and manual enhancement of cell perimeters is described in the legends to Figs 5 and 6. Scale
bar, 1 mm.

the proportion of cells with segregated nucleoids in the
microscopy analyses was similar to the fraction containing
two genome equivalents in flow cytometry, indicates that
genome segregation occurs rapidly after termination of
replication in N. maritimus, and that the G2 phase, consequently, is short or absent, also in contrast to the situation
in crenarchaea. It should, however, be noted that these
are relative numbers: at a doubling time around 33 h,
even a G2 period of only about 3% would last a full hour.
The general tendency towards a genome content of a
single chromosome could reflect the different environment the organism is adapted to, relative to Sulfolobus
species. While multiple copies of the chromosome may
constitute an advantage under the highly mutagenic
growth conditions of hyperthermophilic crenarchaea
(Andersson et al., 2010), a single copy of the genome
may suffice in the environmentally stable deep-sea conditions characteristic of marine thaumarchaea. We speculate that a low DNA content even might provide an
advantage, and thus be positively selected for, by reducing cellular costs for chromosome maintenance and DNA
repair (cf. Giovannoni et al., 2005), in line with the fact that
the N. maritimus genome is one of the smallest among
free-living organisms (Walker et al., 2010).
The most remarkable aspect of the cell cycle organization is the extensive time, in absolute terms, required for
replication: an N. maritimus cell, thus, spends 15–18 h
replicating a genome of only 1.645 Mb (Walker et al.,
2010). This requires continual maintenance of all replisome components, and supply of DNA precursors, over
extended time periods, and also results in long-term gene
dosage effects, with genes located in the origin-proximal
part of the chromosome being present in two copies for
many hours, relative to a single copy for genes closer to
the terminus.
The fact that chromosome replication did not continue to
completion in many cells after growth arrest could be
related to the slow replication rate. If the time required to
complete replication after substrate depletion exceeded
that during which the cells could supply sufficient metabolic
energy and precursors for DNA synthesis, a fraction of the
cell population would arrest during replication. Notably,
genome sequence analysis, as well as electron microscopy, has suggested that N. maritimus may not produce
significant amounts of energy reserves such as glycogen,
polyhydroxybutyrate or polyphosphate (Walker et al.,
2010; Urakawa et al., 2011). Thus, in contrast to crenar© 2011 Blackwell Publishing Ltd, Molecular Microbiology

chaea and many bacteria, N. maritimus cells may not
contain sufficient energy reserves to complete replication
after extended periods of substrate depletion. In the
marine environment, N. maritimus-like thaumarchaea
may, however, rarely become completely deprived of substrate due to their extremely high affinity for ammonium
(Martens-Habbena et al., 2009) and, thus, seldom, if ever,
experience comparable arrest of growth and replication.
The suggestion that Thaumarchaeota constitutes a
separate phylum is supported not only through phylogenetic inferences but also by comparative genomics,
showing that thaumarchaeal chromosomes contain a
mixture of genes previously assumed to be specific for
either Crenarchaeota or Euryarchaeota (BrochierArmanet et al., 2008; 2011; Spang et al., 2010; Walker
et al., 2010; Kelly et al., 2011). We demonstrate that also
at the cellular and physiological levels, the properties of
the thaumarchaeon N. maritimus are mixed. The cell division process is, thus, similar to that of several crenarchaeal clades while the cell cycle organization differs
considerably and, although the FtsZ protein is shared with
euryarchaea, it does not play the same pivotal role, if any,
in cytokinesis. Yet another differential feature concerns
the mode of interaction between CdvA and CdvB, since
protein domains important for binding in crenarchaea
are missing in N. maritimus (Samson et al., 2011). The
absence of CdvA in Caldiarchaeum subterraneum
(Nunoura et al., 2011), in which both CdvB and CdvC, as
well as FtsZ, are present, indicates further cell division
variation among deeply branching archaea.
Phylogenomic evidence suggests that the last common
ancestor of archaea and eukaryotes contained a combination of cdv and ftsZ genes (Makarova et al., 2010), and
that Thaumarchaeota may be among the archaeal lineages most closely related to Eukarya (Foster et al.,
2009; Gribaldo et al., 2010; Kelly et al., 2011), further
strengthened by our observation of similarities in DNA
synthesis rates. Characterization of the physiological, cellular and genomic properties of additional thaumarchaeal
species, in particular soil isolates (Schleper et al., 2005;
Schleper and Nicol, 2010), and of other recently discovered deep archaeal lineages (de la Torre et al., 2008;
Spang et al., 2010; Blainey et al., 2011; Nunoura et al.,
2011) will, thus, be necessary to increase our understanding of issues related to the origin of the eukaryotic lineage,
and of the fundamental evolutionary relationships
between the three domains of life.
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Experimental procedures
Growth, harvest and DNA extraction
Nitrosopumilus maritimus strain SCM1 was grown in liquid
batch culture and growth was monitored by accumulation of
nitrite as described previously (Martens-Habbena et al.,
2009). For flow cytometry, 50–100 ml samples from four different time points in two parallel cultures were deposited by
filtration onto 47 mm polycarbonate membranes (0.1 mm pore
size, Whatman) at 4°C by vacuum filtration. Filters were
immediately transferred to 50 ml tubes (BD Falcon) containing 70% ethanol, and kept on ice. Cells were resuspended by
gently rinsing off the filter. The same protocol was used for
sampling for microscopy, except that 450 ml duplicate
samples were used. DNA was extracted as described earlier
(Urakawa et al., 2010).

Cloning and protein purification
Genes encoding Cdv and FtsZ proteins were amplified using a
BIO-X-ACT short PCR kit (BIOLINE), and cloned into the
pET-45b(+) vector (Novagen) using T4 DNA ligase (BIOLINE),
generating recombinant proteins with an N-terminal hexahistidine tag. All constructs were verified by DNA sequencing
(Big Dye Terminator v3.1 Cycle Sequencing kit, Applied Biosystems) before electroporation into Escherichia coli Rosetta
DE3 cells. The histidine-tagged proteins were affinity-purified
on 5 ml HiTrap NiChelating HP columns (GE Healthcare) and
eluted with a 0–500 mM imidazole gradient in 20 mM sodiumphosphate buffer, pH 7.4, containing 0.5 M NaCl. The imidazole was removed using size exclusion chromatography
(PD-10 columns; GE Healthcare).

Antibody generation
Polyclonal antibodies against purified proteins were externally produced (Innovagen, Lund, Sweden). For Nmar_0029,
Nmar_0816 and Nmar_1262 antibodies were raised in rabbit,
and for Nmar_0061, Nmar_0700 and Nmar_1088 antibodies
were raised in chicken.

Immunostaining and fluorescence microscopy
Ethanol-fixed N. maritimus cells were washed with PBST
buffer (phosphate-buffered saline containing 0.05% Tween
20) and stained with primary and secondary antibodies as
previously described (Lindås et al., 2008). Immunostained
cells were added to a thin layer of 1% agarose containing
5 mg ml-1 of the DNA-specific DAPI (4′,6-diamidino-2phenylindole) stain on a glass slide, and visualized using a
DMRXE epifluorescence microscope (Leica) at 1000-fold
magnification, also as described previously (Lindås et al.,
2008).

Flow cytometry and determination of relative lengths
of cell cycle periods
Nitrosopumilus maritimus cells fixed in ethanol were washed
with TE buffer (pH 7.9), stained with 2 mM SYTO 13 green

fluorescent nucleic acid stain (Invitrogen) in TE buffer, and
analysed in a customized Apogee A40 Analyzer flow cytometer using a 488 nm wavelength solid-state laser. Alternatively, the cells were stained with a combination of ethidium
bromide and mithramycin A and analysed with a 405 nm
solid-state laser in the same instrument, as described previously (Lundgren et al., 2008).
The relative number of cells in the pre-replicative, replicative and post-replicative stages in the DNA content histograms were simulated with Winflow software (Michelsen
et al., 2003), until good fits between the theoretical simulations and the experimental data were obtained.
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