|
Cell Cycle 9:16, 3218-3226; August 15,2010; © 2010 Landes Bioscience

Clusters, factories and domains

The complex structure of S phase comes into focus
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During S-phase of the cell cycle,

chromosomal DNA is replicated
according to a complex replication tim-
ing program, with megabase-sized
domains replicating at different times.
DNA fiber analysis reveals that clusters
of adjacent replication origins fire near-
synchronously. Analysis of replicating
cells by light microscopy shows that
DNA synthesis occurs in discrete foci
or factories. The relationship between
timing domains, origin clusters and rep-
lication foci is currently unclear. Recent
work, using a hybrid Xenopus/hamster
replication system, has shown that when
CDK levels are manipulated during
S-phase the activation of replication fac-
tories can be uncoupled from progression
through the replication timing program.
Here, we use data from this hybrid sys-
tem to investigate potential relationships
between timing domains, origin clusters
and replication foci. We suggest that
each timing domain typically comprises
several replicon clusters, which are usu-
ally processed sequentially by replication
factories. We discuss how replication
might be regulated at different levels to
create this complex organization and the
potential involvement of CDKs in this
process.

To ensure genetic stability the entire
genome must be accurately duplicated
prior to cell division. The demand for
absolute fidelity requires that genome
duplication is precisely regulated and
furthermore, that it is coordinated with
other cellular processes such as gene tran-
scription and chromatin modification, in
addition to the division process per se.
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Chromosomal DNA replication must
therefore be highly regulated at all stages
from replication initiation through to the
final proof reading and repair of the dupli-
cated genome.

DNA replication initiates at multiple
sites distributed throughout each eukary-
otic genome. Many thousands of replica-
tion origins are activated at distinct and
reproducible times throughout S-phase
according to a tightly controlled tempo-
ral program.”? In general, transcription-
ally active euchromatin replicates early
in  S-phase, whereas transcriptionally
inactive heterochromatin replicates late.
that
replicate coincidentally are localized in

Individual chromosome domains

specific regions of the nucleus.'? This can
be seen as sequential patterns of DNA rep-
lication during the course of S-phase (Fig.
1A). Although not absolutely discrete, five
phases of replication (Types I, II, III, IV
and V) can be distinguished: bulk nucleo-
plasmic, peripheral and perinuclear-peri-
nucleolar localization precede replication
in first small and then large, intranuclear

patches.*®

The ‘replication timing pro-
gram’ thus coordinates replication in both
a spatial and a temporal manner, and is
well conserved amongst metazoans.?

At the end of mitosis there is a major
re-organization of the genome as chro-
mosomes decondense and coalesce to
form the interphase nucleus (Fig. 1B).
Shortly after chromosome decondensation
occurs, specific chromosomal domains
move to occupy certain positions within
the nucleus (Fig. 1B). This movement of
subchromosomal domains to appropriate
positions within the nucleus in early G
coincides with the establishment of the
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Figure 1. The replication timing program. (A) CHO cells, previously synchronized at the G,/S border and released into S-phase for various times, were

pulse labelled with BrdU for 5 min and stained with anti-BrdU antibodies to visualize patterns of DNA replication. Shown are characteristic examples of
each of the 5 labeling patterns (Types |-V). Reproduced from Dimitrova & Gilbert 1999. (B) The replication cycle—the establishment and execution of
replication timing in the cell cycle. The innermost wheel marks the phases of the cell cycle and the outermost wheel the key stages of DNA replication,

where the periods of licensing competence and inhibition are shown in yellow and red respectively and the execution of the replication timing pro-
gram during S-phase is shown in green. Key nuclear transitions are represented diagrammatically in the central portion. During mitosis, paired sister
chromatids aligned on the metaphase plate are separated to opposite poles of the dividing cells upon entry into anaphase. Late mitotic chromosome
decondensation then readies DNA for emergence into G,. In early G, after nuclear envelope reformation (continuous black line), regions of euchro-
matin, shown in red and heterochromatin, shown in blue, initially randomly dispersed, move to occupy specific domains within the nucleus. During
S-phase, replication foci, shown in green, are activated in accordance with the execution of the timing program. Post-replicative nuclei pass through
G, into mitosis, where chromosome condensation and nuclear envelope breakdown (dashed black line) ready the cell for sister chromatid separation
and cell division. The execution of the timing decision point and the origin decision point are marked.

replication timing program, and is called
the Timing Decision Point.’ If nuclei are
driven into S-phase prior to this, chro-
mosomal domains are replicated in no
particular order. The positioning of sub-
chromosomal domains correlates broadly
with local chromatin organization and the
underlying transcriptional activity."
Constitutively early replicating euchro-
matic domains take up a generally more
open chromatin conformation and local-
ize to the nuclear interior. The underlying
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DNA is GC rich, has a high gene density
and is typically marked by hyperacetylated
histones H3 and H4. A high percentage of
genes within these subdomains are actively
transcribed. In contrast, later replicating
heterochromatic domains are localized
towards the nuclear periphery or in large
intranuclear substructures, such as is found
around the nucleoli. These regions, which
are marked by hypoacetylation of histones
H3 and H4, form a more constrained, less
open, chromatin structure and contain a
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lower percentage of actively transcribed
genes. Heterochromatin tends to be both
GC poor and have a low gene density."?
Changes in the transcriptional status of
genes from GC poor regions during devel-
opment are coupled to changes in nuclear
position and replication timing such that
active transcription correlates with reposi-
tioning towards the nuclear interior and
earlier replication timing.*'® Replication
timing correlates better with the transcrip-
tional competence of the chromosome
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domain than with the activity status of
any individual gene.*" The relationship
between gene transcription and replica-
tion timing is reciprocal. Whereas chro-
matin formed from DNA replicating early
in S-phase is characterized by the depo-
sition of actively acetylated histones H3
and H4, the nuclear environment appears
to be altered during the course of S-phase
such that later replicating DNA is pack-
aged with deacetylated histones.'>'* This
provides a potential mechanism to facili-
tate the propagation of the local chroma-
tin environment during DNA replication.

To further investigate the execution
of the replication timing program during
S-phase we used a hybrid experimental sys-
tem developed by Gilbert and colleagues
in which the replication of mammalian
Chinese Hamster Ovary (CHO) cells
nuclei is driven by incubation in Xenopus
laevis (frog) egg extracts.'"*" Nuclei pre-
pared from CHO cells in mid G, beyond
the Timing Decision Point, are programed
to replicate according to the in vivo tim-
ing program.’ At 20 minutes, the length
of S-phase in the early Xenopus embryo is
significantly shorter than that of the ~12
hour S-phase of CHO cells. When incu-
bated in Xenopus egg extracts, the CHO
nuclei undergo a significantly acceler-
ated timing program lasting ~2 hours."*"
Replication labeling patterns, resembling
those observed in vivo, develop sequen-
tially during the in vitro incubation
(Fig. 2). However, in addition to the
more discrete patterns discerned in vivo,
combined patterns (Types I/1I, II/III,
III/TIV, IV/V) were also observed. This
suggests that in vitro, later stages of the
timing program can start while previous
stages are still ongoing. Although most
nuclei proceed to late replication patterns,
overall DNA replication is inefficient,
averaging less than 40% of template
DNA replicated."** Despite the ~6-fold
reduction in S-phase length in vitro, the
amount of DNA synthesis associated with
each replication pattern is proportionally
similar to the time spent replicating each
pattern in vivo.® Taken together these
results suggested that the replication pro-
gram can progress to later timing stages
before completing earlier steps. This
means that replication initiation and the
replication timing program are not tightly
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Figure 2. Progression of CHO nuclei through the replication timing program in Xenopus egg
extract. CHO nuclei, incubated in Xenopus egg extracts, were pulse labelled for 5 min, at various
times, with Cy3-dUTP to directly visualize patterns of DNA replication. Shown are characteristic
examples of each of the 9 labeling patterns, the 5 distinct patterns (Types I-V) and the 4 overlap-
ping patterns (Types /11, [I/111, 11l/IV, IV/V). Reproduced from Thomson et al., 2010.

coordinated and so may be differentially
regulated.

The Role of Cdks
in S-Phase Progression

During late mitosis, and early G, each
replication origin is first loaded with
Mcm2-7 to form a prereplicative com-
plex that licenses DNA for a single ini-
tiation event in the following S-phase
(Fig. 1B).®7 During S-phase each
licensed origin is then activated by Cdks
and Dbf4-dependent kinases (Ddks) to
induce initiation. The combined action
of these two kinases promotes the recruit-
ment of replisome proteins to the origin
and the establishment of active replication
forks. The number of origins licensed in
each cell cycle is in significant excess over
the number of origins actually used dur-
ing S-phase.”®?° Otherwise dormant ori-
gins can be activated when replication fork
progression is inhibited, providing a means
to maintain DNA replication rates under
conditions of replicative stress.?’* In an
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unperturbed S-phase dormant origins are
usually passively replicated, and inacti-
vated, by forks initiated at an adjacent ori-
gin. The selection of origins for activation
in the coming S-phase, the ‘origin deci-
sion point’ occurs during G, phase after
the establishment of replication timing
(Fig. 1B).**® It is unclear what makes
some origins efficient and some origins
inefficient (usually dormant). One possi-
bility is that efficient origins are preferen-
tial targets for the initiating activities of
Cdks and Ddks.

We therefore investigated the effect
of modulating Cdk activity in the egg
extract, using the chemical Cdk inhibitor
roscovitine and recombinant cyclin A." If
strictly coupled, both the rate of replica-
tion and progression through the timing
program would respond to alteration of
Cdk activity. Conversely, if progression
through the timing program was inde-
pendent of both then no effect on timing
would be observed.

Addition of increasing concentrations
of roscovitine to egg extract, over a range
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Figure 3. Decoupling of DNA replication and the replication timing program. CHO nuclei were incubated in Xenopus egg extracts 10 uM roscovitine
(A) or 1 pM cyclin A (B). At various times, aliquots were pulse labelled with Cy3-dUTP to assess the proportion of different replication patterns. At the
same time DNA synthesis was measured in extracts supplemented with a-[**PJdATP by TCA precipitation and scintillation counting. The replication
pattern at different times is plotted against total DNA synthesis. Reproduced from Thomson et al., 2010.

of 1 to 100 uM, reduced Cdk activity to
near background levels. Consistent with
previous reports the rate of DNA replica-
tion reduced with similar kinetics, sug-
gesting that Cdk activity is rate limiting
for replication.’®* Whereas roscovitine
concentrations of 1-10 uM reduced the
rate of DNA replication by up to ~50%,
the timing program was little affected.
Only at roscovitine concentrations of
30 uM and above, concentrations at which
the rates of DNA replication were reduced
to 30% or less, was the timing program
retarded.  Conversely,  supplementing
S-phase Cdk activity by addition of cyclin
A to egg extract, stimulated DNA repli-
cation while only moderately accelerating
the timing program. These results suggest
that progression of the timing program is
dependent, either directly or indirectly,
on Cdk activity. Further, the differential
responses of replication rate and replica-
tion timing to moderately reduced Cdk
activity suggests that timing progression
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and replication initiation are differentially
regulated by Cdks, allowing progres-
sion to later stages of the replication pro-
gram while earlier stages are incomplete
(Fig. 3). This conclusion was further
demonstrated when replication timing
and total DNA synthesis were quantified
in individual nuclei.'” Whereas roscovitine
significantly lowered the total amount
of DNA synthesis associated with each
pattern, cyclin A addition increased it.
This directly demonstrates a decoupling
between replication rate and progression
through the replication timing program.

Replicon Clusters, Replication
Factories and Subchromosomal
Timing Domains

In typical mammalian tissue culture cells,
the DNA replicated from an individual
origin, the replicon, typically ranges in
size from 20 to 450 kb, with most being
between 50 and 150 kb.3%% Most replicons
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are organized into clusters of synchro-
nously initiating adjacent origins. Replicon
clusters, which are composed of two to ten
proximal origins, typically encompass less
than 1 Mb of DNA and fully replicate in
45 to 60 minutes. Genomic analysis shows
that relatively large domains of contiguous
DNA are replicated at characteristic times
during S-phase.’®*** These subchromo-
somal domains vary between different cell
types and are subject to developmental
regulation. For example, embryonic stem
cells have a mean timing domain size of
1.5 Mbp, while in neural precursor cells
the median size is 2.5 Mbp. These sizes
suggest that timing domains typically
comprise more than one adjacent replicon
clusters.”

Clusters of origins can be visualized
in living cells as discrete subnuclear
foci and these remain stable through
multiple cell divisions.>**%4 Foci of
ongoing replication are enriched for rep-
lication fork proteins, marking factories
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of DNA synthesis.®**%¢ It remains to be
determined whether foci form as a physi-
cal factory in which proteins associated
with replication forks emanating from
adjacent origins are organized as a super-
structure or whether the colocalization
is dependent on the underlying organi-
zation of chromosomal DNA. Over a
period of 1 to 2 hours fork proteins are
observed at sites increasingly distal to
the initial focus of replication, conceiv-
ably relocalising to adjacent replicons or
replicon clusters.*% The precise rela-
tionship between replicon clusters, tim-
ing domains and replication foci remains
unclear. We also have very little under-
standing of how their activation is regu-
lated during S-phase.

To address the regulation of these
structures, we investigated whether alter-
ing Cdk levels in vitro affected the rate of
initiation within a factory or the rate of
activation of new factories.” Treatment
of extracts with up to 10 uM roscovitine
reduced the total number of replication
foci while leaving their intensity relatively
unchanged (Fig. 4A). Consistent with
this, 10 uM roscovitine did not signifi-
cantly change either replication fork speed
or the density of forks within active repli-
con clusters. These low concentrations of
roscovitine had only very limited effects on
the timing program. At higher concentra-
tions of roscovitine, which more strongly
inhibited DNA replication and passage
through the timing program, both foci
number and intensity were significantly
affected. Conversely, stimulating DNA
replication with cyclin A increased the
number of active foci (Fig. 4A). Modest
changes in Cdk activity therefore prefer-
entially alters the activation of new repli-
cation factories, leaving initiation within
clusters relatively unaffected, while the
threshold of Cdk activity required for rep-
lication factory activation is greater than
that required to drive progression through
the timing program (Fig. 4B).

Regulation of Factories
and Origin Clusters

Compared to the initiation of new rep-
licons within an existing cluster or pro-
gression through the timing program,
the activation of a new replication factory
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Figure 4. Activation of replication foci depends on CDK levels. (A) CHO nuclei, were incubated in
Xenopus egg extracts for 50 min £+ 10 uM roscovitine or 3 pM cyclin A and then pulse labelled for
5 min with Cy3-dUTP (red) and then isolated, stained with DAPI (blue) and visualized. Repre-
sentative images for each condition are shown. Reproduced from Thomson et al., 2010. (B) CDK
sensitivity of DNA replication control. Cartoon showing three different levels of S phase control.
The upper level shows progression between two different stages of the timing program for a
single nucleus, where the small green dots represent replication factories and the black circle
the nuclear envelope. The middle level represents the firing of replication origins (pink dots) in a
newly activated replication factory next to an existing factory (large green dot). The lower level
shows initiation of a new replication origin on a strand of DNA in an active replicon cluster within
a replication factory, where the pink circle represents the new origin and the green line the DNA.

is highly sensitive to CDK activity. This
may reflect the requirement for an addi-
tional Cdk substrate, distinct from the
substrates required for individual origins,
which acts to facilitate the initiation of
all origins within a cluster or domain,
thereby functioning as a factory activator.
Alternatively, there might be a require-
ment for high Cdk activity to activate the
first origin in a cluster, the firing of which
then propagates a change throughout the
cluster or domain to facilitate initiation
at other origins. This “founder effect”
can give the observed CDK-sensitivity of
factory number even if other non-CDK
activities independently influence fac-
tory number. In either interpretation,
there has to be an effect that propagates
throughouta cluster or domain to activate
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it for replication. This could plausibly
reflect a change to the chromatin state or
higher-order chromatin structure. One
possibility is that CDKs regulate chro-
matin remodelling complexes that affect
the access of the replication machinery.
Nucleosome remodelling and reassembly
is a key component of S-phase progres-
sion.”” The SNF2H chromatin remodel-
ling complex has been shown to facilitate
the access of replication factors to the
replication origin of the Epstein-Barr
virus,” while a SNF2H subcomplex has
been shown to be required for efficient
replication of heterochromatin in mouse
and human cells.” A role for CDKs in
this process is also suggested by the obser-
vation that the initiation protein Cdc45
recruits Cdk2 to specific chromosome
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Figure 5. The organization of replicon clusters. (A) CHO nuclei were incubated in Xenopus egg extracts supplemented with a-[**P]dATP. At 40 min an
aliquot was supplemented with 1 mM roscovitine to block further initiation events. At various times throughout the length of the incubation total
DNA synthesis was measured by TCA precipitation and scintillation counting. Reproduced from Thomson et al., 2010. (B) Replication fork fusion within
areplicon cluster reduces replication rate. Cartoon depicting the effect of replication fork fusion on reducing replication rate within a replicon cluster,
where DNA is represented by a black line and open figures represent ‘replication bubbles’, the ongoing synthesis of DNA from a pair of replication
forks moving in opposite directions. Replication fork number and density and replication fork rate and termination time, within a cluster, are indicated.

sites and promotes CDK-dependent chro-
matin decondensation.”

In the hybrid system, analysis of total
nuclear foci number reveals that ~2,400
replication foci are active during early
S-phase when type II replication patterns
predominate. This is 2—3 times more active
foci than are observed in typical replicat-
ing somatic cells which is possibly a conse-
quence of higher CDK levels in Xenopus
egg extracts as compared to CHO cells.
The increased number of active replica-
tion factories provides a potential explana-
tion for the >2-fold increased replication
rate when CHO nuclei are incubated in
Xenopus egg extract.

The peak nuclear replication rate seen
when CHO nuclei replicate in vitro is ~20—
30 Mbp/min,” and with a fork rate of 10
nt/sec, this suggests that each nucleus con-
tains 30-50,000 active forks. Therefore
each of the 2,400 foci has on average 812
replication forks. Inhibition of initiation
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during early S-phase in the hybrid system
reduced replication rates to 16% within
20-30 min, and with forks being present
every ~10 kb within a cluster,” this is con-
sistent with each cluster containing ~12
forks (Fig. 5). Taken together, these results
are consistent with a model where each fac-
tory is processing a single cluster of repli-
cons spanning ~100 kb. This cluster size is
significantly smaller than the 1.5-2.5 Mbp
mean size of replication timing domains,
and consistent with previous reports, sug-
gests that a timing domain typically con-
sists of more than one replicon cluster
(Fig. 6A)."° In somatic tissue culture cells,
the different replicon clusters comprising
a single timing domain are likely acti-
vated sequentially, possibly leading to the
appearance of factories at adjacent sites,
the so-called domino model (Fig. 6B).>%
In that case, the increased number of rep-
lication factories seen when CHO nuclei
replicate in Xenopus extracts might be due
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to the simultaneous activation of different
clusters within individual timing domains
(Fig. 6C).

Although other explanations are pos-
sible, the replication parameters observed
in the hybrid system are consistent with
this interpretation. The initiation events
associated with Type II DNA in the hybrid
system are largely confined to a window
of ~20 mins.” This is similar to the time
required to complete the replication of a
cluster, meaning that there can be no more
than two waves of cluster activation in this
time. If ~40% of Type II DNA is replicated
in the hybrid system, and this represents
no more than two waves of cluster acti-
vation, then the density of active 100 kb
clusters within a Type II domain must be
2 or more per Mbp. With a 1.5-2.5 Mbp
expected size range of timing domains,
we would expect that most active timing
domains would have more than one cluster
active at any one time.
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Regulation of Progression
through the Timing Program

Whereas the establishment of the replica-
tion timing program in this hybrid system
is a property of the CHO nuclei, the exe-
cution of the program requires interaction
between the nuclei and the Xenopus egg
extract. One possibility is that execution
could be regulated in cis, at the chromatin
level, so that progression from one stage of
the program to another only occurs when
all the initiation events associated with
the earlier timing stage have been com-
pleted. As such the activation or perhaps
the completion, of replication in one fac-
tory would facilitate the activation, in cis,
of an adjacent replication factory in a then
later replicating subchromosomal domain.
This strict coupling is outlined schemati-
cally in Figure 7A. However, this does not
appear to be the case in the hybrid system.
CHO nuclei replicating in vitro progress
to late replication patterns with less than
half the template DNA replicated.>" The
appearance of combined replication pat-
terns (I/II, II/IIL, etc.,) and the overlap
in the initiation times associated with
different patterns also argue against this
sort of strict coupling. When replication
was inhibited in CHO cells in the pres-
ence of checkpoint kinase inhibitors, the
activation of late replicating domains
occurred on schedule,” which also argues
against strict coupling between DNA
replication and progression through the
timing program. Further, the observed
replication timing profiles of proliferat-
ing somatic cells does not support the idea
of replication being strictly dependent on
cis-acting effects propagating along chro-
mosomes.'**3"%2 The execution of the
timing program is therefore unlikely to
be mediated merely in cis but requires an
activity that functions independent of pre-
ceding replication.

An alternative possibility is that execu-
tion is regulated in trans, for example, by
increasing levels of Cdk activity in the
extract. Following this interpretation, ini-
tiation at later-firing origins would require
higher Cdk levels that are only achieved
later in S-phase (Fig. 7B). However,
models of this type cannot account for
the decoupling seen when we artificially
raised and lowered CDK levels, as this
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Figure 6. Replication timing domains are comprised of multiple replicon clusters. (A) Genomic
replication timing profile of 158.4-162.7 Mbp of mouse chromosome 2, in neural precursor (NPC/
ASd6) cells.’”*® A broad region of DNA with approximately coordinately timed replication initiation
constitutes a replication timing domain. Within the fine detail of each timing domain smaller divi-
sions of replication timing, perhaps representing individual replicon clusters, can be discerned.
Data prepared using www.replicationdomain.org. (B and C) Cartoon showing hypothetical
replicon cluster activation within a replication timing domain similar to the one shown in (A), in
(B) CHO cells and (C) the hybrid system. Currently active clusters, those in which the internal forks
are still active and have not yet fused, are depicted in red. Completed replicon clusters, those in
which the internal forks have fused but the outermost forks remain active, are depicted in blue.
Unreplicated DNA is represented by the black line. The size of a cluster in the 2 systems is scaled

should cause both initiation rate, fac-
tory numbers and progression through
the timing program to change together.
Instead, our results suggest that CDKs
drive DNA replication in several distinct
ways. In addition to being required for
individual origins to fire (Fig. 7C), CDKs
appear to be separately required for activa-
tion of individual replication factories and
to drive progression through the replica-
tion timing program.

What could be the substrate that regu-
lates progression through the timing pro-
gram? Late replicating DNA is typically
organized into heterochromatin.'® This
is characterized by a less open chromatin
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structure that induces volume exclusion
and limits protein diffusion.’® Akin to the
activation of gene transcription, it will be
necessary to overcome any restrictions
that this environment imposes to facili-
tate the initiation of DNA replication in
these compartments. The replication tim-
ing program may then reflect the progres-
sive, and perhaps successive, relaxation of
distinct heterochromatic states. A timing
factor or factors, perhaps specific to dis-
crete heterochromatic domains, whose
activation requires only a low threshold of
Cdk activity, might therefore function, in
trans, over time, to reverse these restric-
tive environments. Although providing
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Figure 7. Different models for how the replication timing program might operate. Groups of rep-
lication origins, represented as black circles, on early-, mid- and late-replicating DNA are shown

in each panel. CDKs acting on these origins to promote initiation and turn them into replica-

tion bubbles, are depicted as red vertical arrows. (A) Initiation of origins in one timing stage is
dependent on initiation of the previous stage having been completed. (B) Initiation of later origins
requires increased CDK activity, so the replication timing program is driven by rising CDK levels.
(C) CDK activity is required not only to promote origin activation (vertical arrows), but also to drive
the replication timing program (horizontal arrows), so that later origins become competent for

a barrier to domain activation, the com-
pact nature of heterochromatin may in
fact facilitate this relaxation once such a
timing factor is activated, as the molecu-
lar crowding seen in these compartments
serves to enhance the affinity of factors
for the chromatin.’® Conversely, the Cdk
dependent inactivation or relocalization,
of activities required to maintain the
inhibitory state could also serve to allevi-
ate the restriction. Throughout the course
of S-phase then discrete regions of the
genome might be made accessible to the
replication machinery. Candidate timing
factors include both chromatin remod-
elling and structural proteins. SNF2H,
Histone HI, HMG-1 and HP1I, have each
been shown to affect the replication tim-
ing of specific loci.®*>*” In vivo the activa-
tion of a timing factor(s) might occur over
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time, possibly co-ordinated with cell cycle
status, rather than with replication pro-
gression per se, in a changing nuclear envi-
ronment. In the hybrid system, however,
progression through the timing program
is accelerated, so that late replicating chro-
matin becomes available for replication
before replication of early DNA is com-
plete, with the activation of new clusters
or replication factories being rate-limiting.
This could explain the occurrence of the
composite patterns and other features of
replication observed in the hybrid system.
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