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displayed a marginal inhibition of division. At 20 mU/ml bleomycin,
both mutants arrested normally, although their recovery was
severely impaired. Cell division after bleomycin removal was
delayed, and few cells divided during image capture. There was no
evidence of cell death in the mutants, but during recovery, Ku and
DNA-PKcs null cells displayed an unusual flattened morphology
with high levels of cell motility (data not shown), indicating that the
cells were under considerable stress. These data indicate that Ku and
DNA-PKcs are active and necessary for a normal response to
double-strand breaks in G2 in Dictyostelium. The mutants displayed
no alteration in S-phase length (see Fig. S3B in the supplementary
material): at both 20 and 100 mU/ml bleomycin, the length of S
phase was similar to that of wild-type cells.

DISCUSSION
We have applied a fresh approach to the analysis of the
Dictyostelium cell cycle. Using long-term imaging of living cells
combined with a fluorescent S-phase marker, we have precisely
defined the timing and variability of the different phases of the cycle.
This has illuminated the control of the normal cycle, its regulation
in development and its response to stress. Our approach will be of
use in future investigations of the relationships between the cell
cycle and cell and developmental processes.

Dictyostelium development and the cell cycle
Using GFP-PCNA as a marker, we have characterised
developmental variation in the Dictyostelium cell cycle. We found
an initial slowing of the cycle during the pre-aggregative phase of
starvation, followed by a partially synchronous wave of S phase
after aggregation. The cycle again subsided during fruiting body
formation. We find no evidence of a prolonged G1 phase during

development, as all cells that divided appeared to replicate their
DNA within little more than an hour. By imaging the relative timing
of cell division and S phase in hatching spores, we found that S
phase does not occur until after the first division, implying that
spores are predominantly in G2.

Several arguments initially supporting a G1 state in spores should
be considered. Firstly, FISH reveals one spot of hybridisation in
hatching spores, whereas in amoebae two spots are sometimes seen
(Chen et al., 2004). In mammalian cells, this approach is not a reliable
indicator of either G1 or G2, especially for heterochromatic sequences
(Azuara et al., 2003). After DNA replication in eukaryotes, cohesin is
loaded onto chromatin, which maintains sister chromatid pairing until
anaphase (Nasmyth, 2005). Hence, fluorescently tagged DNA
sequences in human cells usually reveal only a single spot until
prophase (Thomson et al., 2004). Studies visualising transcription in
living Dictyostelium cells revealed one spot in expressing cells, most
of which should be in G2 (Chubb et al., 2006b). Not surprisingly,
Dictyostelium has cohesin sequences in its genome. FISH requires
DNA denaturation with formamide to allow probe access, but this can
disrupt nuclear structure. In a spore, chromatin would be expected to
be more compact, as spores are transcriptionally quiescent. Indeed,
the preponderance of monomethylated over trimethylated lysine 4 of
histone H3 in spores suggests a heterochromatic state (Chubb et al.,
2006a). We propose that this state would be resistant to denaturation,
and replicated loci would remain paired, as observed for
heterochromatic loci in mammalian nuclei (Azuara et al., 2003).

The second argument supporting a G1 spore stems from flow
cytometric data showing a decline in propidium iodide (PI) staining
of cells during development (Chen et al., 2004). PI stains nucleic
acids, but the conclusion that cellular DNA levels decline, and cells
enter G1, presupposes DNA is equally accessible to PI during
development. Quiescent chromatin during development could
impede access of PI. Chen at al. raise this possibility and denatured
cells with formamide to enhance access to DNA (Chen at al., 2004).
However, as with FISH experiments, different chromatin states have
different susceptibilities to denaturation. It is reasonable to assume
that a decline of PI signal during development reflects closed
chromatin, rather than a transition to G1.

Several studies have used BrdU incorporation to address whether
cells replicate DNA and enter G2 during multicellular development.
Using pulsed-field techniques, Chen et al. detected BrdU
incorporation in only 2% of spore chromosomal DNA (Chen at al.,
2004). Stronger incorporation was observed into mitochondrial
DNA, as found previously (Shaulsky and Loomis, 1995), although
labelling was considerably reduced relative to mitochondrial
incorporation during growth. By contrast, Zimmerman and Weijer
showed that a large proportion of prespore cells incorporate BrdU
during development, as revealed by microscopy of fixed slugs
(Zimmerman and Weijer, 1993), consistent with our data using a
live-cell S-phase marker. How can these clear but opposing data be
reconciled? Chen et al. argued that BrdU incorporation in
multicellular aggregates reflects DNA repair or mitochondrial DNA
replication (Chen et al., 2004), a view not supported by the data of
Zimmerman and Weijer. BrdU incorporation observed in slugs
appeared with a diffuse nuclear distribution, rather than the speckled
distribution expected of mitochondria, including perinuclear
mitochondria (van Es et al., 2001). The DNA repair model requires
cell-type-specific synchronous nuclear-wide DNA damage, which
seems unlikely. 

Widespread S phase can clearly occur in multicellular development,
but discrepancies suggest BrdU labelling during development is
fickle, as also observed for tritiated thymidine (Zimmerman and
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Fig. 7. Mitosis precedes S phase after spore germination.
(A) Percentage of BrdU-positive cells after spore induction with DMSO;
labelled with 100 µM BrdU for 30 minutes. Bars reflect s.d.; three
replicates. (B) Onset of mitosis after spore germination. Percentage of
cells dividing in 2-hour periods. First divisions occur in the 18-20 hour
window. Two replicates. (C) Imaging-relative timing of division and S
phase after spore germination, using GFP-PCNA as an S-phase marker.
Stills from a movie of a germinated spore undergoing mitosis (arrows)
are shown. Time after induction of germination (hours) is indicated.
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Weijer, 1993). Differences in BrdU penetration are unlikely, as
mitochondria incorporate BrdU even when nuclei cannot. Clearly, the
two studies observed different things, albeit using different cell lines
and labelling/detection techniques. It is conceivable that the cell lines
differ in nucleotide biosynthesis pathway activities during
development (Reome et al., 2000). Biosynthesis of dNTPs in the
cytosol uses both nucleotide salvage and de novo synthesis pathways,

whereas only the salvage pathway operates in mitochondria
(Rampazzo et al., 2007). In mammalian cells, de novo dNTP
biosynthesis components, such as ribonucleotide reductase, are
induced at G1–S, satisfying dNTP demand (Magnusson et al., 2003).
Dictyostelium ribonucleotide reductase is expressed during growth,
repressed during starvation then strongly re-induced after aggregation
in prespore cells (MacWilliams et al., 2001; Tsang et al., 1996),
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Fig. 8. Identification of a DNA damage
checkpoint in Dictyostelium. (A) Cells were
treated with bleomycin for 3 hours as
indicated. The number of cell divisions
occurring per hour was scored in mock-treated
cells and those treated with 5 mU/ml or 20
mU/ml bleomycin. (B) After removal of
bleomycin, cells escape the checkpoint and
divide with increased synchronicity, as shown
pictorially in these stills from a movie. Arrows
indicate dividing cells.

Fig. 9. Regulation of the DNA damage
response. (A) Treatment of Dictyostelium cells with
30 mM caffeine and 20 mU/ml bleomycin causes a
‘mitotic catastrophe’ phenotype. Two examples (i,ii)
are shown. Cells enter an S-like state without
division. (B) Response of Ku and DNA-PKcs mutant
cells to bleomycin. At 20 mU/ml bleomycin, the Ku
and DNA-PKcs mutants are impaired in the
recommencement of cell division after checkpoint
arrest.
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coincident with the widespread S phase we observed. BrdU is only
incorporated via salvage pathways, perhaps making mitochondrial
incorporation resilient, even if BrdU were out-competed in nuclei by
de novo synthesised dTTP. There are negative effects of extreme BrdU
exposure in many cell types and these may interfere with
incorporation (Reome et al., 2000). Both the Zimmerman and Chen
studies discussed above used BrdU incubation times and doses
considerably greater than sufficient for labelling growing cells,
potentially exacerbating differences between cell lines. However,
using a marker detached from issues of penetration and in vivo
metabolism applying to synthetic nucleosides, the occurrence of
widespread S phase during multicellular development seems clear.
The idea that developing cells undergo a widespread ‘virtual’ S phase,
with PCNA foci but no replication, is unsupported by studies
indicating that replication factory formation depends upon the
initiation of DNA synthesis (Kitamura et al., 2006).

A few words should be said regarding the proposed role of the cell
cycle in determining cell fate. Growth of cells on bacteria or in
media lacking glucose causes a prestalk bias (Thompson and Kay,
2000). We find no simple evidence that this results from a specific
bias in the cell cycle. Our data show that bacterial culture greatly
shortens all cycle phases. By contrast, growth in media lacking
glucose has little effect on cycles, beyond a small increase in G2
duration. Other features of these culture conditions might be
important. Bacterial or glucose-free culture gives rise to smaller
cells. These cells are more motile than those grown in normal media
(Varnum et al., 1986) (data not shown). Both size and motility could
influence the sorting of cells in aggregates. There might also be a
direct effect of glucose levels.

Control points in the Dictyostelium cell cycle
Our analysis of the variability in G2 lengths between sister cells
indicates that passage through cell cycles can be explained as a
decision taken at a random transition point in G2, contrasting with
the standard mammalian cycle in which the transition, referred to as
a restriction point or G0, occurs in G1. What is the nature of this
transition point? Perhaps it is the opportunity for cells to assess
whether they have grown enough to divide at a reasonable size,
although strict size controls may not exist in all cell lines (Conlon
and Raff, 2003). The transition probability should vary in different
conditions. Firstly, cells grown on bacteria are smaller than cells in
normal media, yet they have a shorter G2. In addition, cells
accumulate in G2 during early starvation, implying that the
transition threshold is elevated.

We have also defined a Dictyostelium DNA damage response
checkpoint, which operates in late G2 and arrests cells in response
to double-strand breaks. The NHEJ components Ku and DNA-PKcs
were not required for checkpoint function, and at low bleomycin
levels they were not necessary for recovery from the checkpoint,
implying that the alternative repair pathway, homologous
recombination, operates in their absence. However, at moderate
bleomycin levels, Ku and DNA-PKcs were required for checkpoint
recovery, implying NHEJ is active in G2, and can be necessary. The
prevailing view is that homologous recombination operates in G2,
where there is a template for repair, whereas NHEJ operates in G1,
where there is no homologue. Our data indicate that this view is not
absolute, and if cells are under considerable mutagenic stress then
the homologous recombination pathway can be overloaded and
NHEJ can help if required. An earlier study on Dictyostelium NHEJ
mutant cells only found defects in spore viability (Hudson et al.,
2005). Vegetative Ku and DNA-PKcs mutant cells recovered from
DSBs as well as wild types. The defects we observed in the Ku and

DNA-PKcs mutants might not be apparent in the plaque-formation
viability assay of Hudson et al. Their work assessed survival and
growth on bacterial lawns after mutagen treatment, whereas we
studied acute recovery immediately after bleomycin removal. Short-
term effects would be masked after several days of rapid growth on
bacteria. Hudson et al. suggested that the spore defect reflected G1
spores (Hudson et al., 2005), whereas our data indicate that spores
are in G2. However, we have shown that Ku and DNA-PKcs can
function in G2, so a spore need not be in G1 to require NHEJ. A
compelling alternative hypothesis is that NHEJ is required at high
levels of DSBs in Dictyostelium. Stress on chromatin in generating
and hatching a spore must be considerable, even without bleomycin.
Condensation and decondensation are likely to require the making
of DSBs by topoisomerases. Breaks in the inert environment of the
spore might not be healed until germination, placing an instant high
load on repair pathways. In the presence of additional mutagenic
stress, NHEJ would surely be required to meet this load.

We thank Michelle Stevense for assistance with transformations, members of
the Dictyostelium community for plasmids, our colleagues for comments on
the paper and Dr Robert Brooks for assistance with cell cycle analysis. This
work was supported by a MRC Career Development Award to J.R.C.

Supplementary material
Supplementary material for this article is available at
http://dev.biologists.org/cgi/content/full/135/9/1647/DC1
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