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Abstract

Many, if not most, embryos begin
development with extremely short cell
cycles that exhibit unusually rapid DNA
replication and no gap phases. The
commitment to the cell cycle in the early
embryo appears to preclude many other
cellular processes which only emerge as
the cell cycle slows, at a major embryonic
transition known as the mid-blastula
transition (MBT) just prior to gastrulation.
As reviewed here, genetic and molecular
studies in Drosophila have identified
changes that extend S phase and
introduce a post-replicative gap phase, G2,
to slow the cell cycle. While many
mysteries remain about the upstream
regulators of these changes, we review the
core mechanisms of the change in cell
cycle regulation and discuss advances in
our understanding of how these might be
timed and triggered. Finally, we consider
how the elements of this program may be
conserved or changed in other organisms.
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Introduction

The early embryonic cell cycles of most
organisms are extensively modified so that
they are unusually fast. These unusual cycles
slow just as morphogenesis begins at
gastrulation. While there are exceptions and
differences in the details for each organism
(82, 117), this pattern of development is
widespread in organisms that lay eggs that
develop externally, with many prominent
examples, including insects (35, 72),
amphibians (77, 78), and fish (54). In studying
this process in Xenopus laevis, John Gerhart
dubbed the dramatic slowing of in the cell
cycle and associated onset of various cellular
activities the mid-blastula transition (MBT),
after the developmental stage at which the
transition occurs in Xenopus laevis embryos
(41).

Long before the transition had been named,
Boveri, in 1892, recognized a distinctive
feature of these early events. He crossed
different species of sea urchin, examined the
early divisions of resulting embryos, and
concluded that the form and rate of cleavage
is determined wholly by the mother, while later
aspects of development show influences of
both parents (115). This early insight
exemplifies a widespread feature of early
embryogenesis: the mother pre-loads the egg
with material that directs the early rapid cell
cycles that subdivide the large eggs of nearly
all species. Somehow, the preloaded package
of gene products executes a precisely timed
dynamic program in which the egg goes
through a species-specific number of rapid
divisions before remodeling the cell cycle.

In this review, we set out to first describe the
phenomenon of the mid-blastula transition as
it occurs in Drosophila melanogaster, an
organism where it has been studied
extensively with the aid of excellent genetic
and cell biological tools. After describing the
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cell cycle and development of the early
Drosophila embryo, we describe changes in
the cell cycle machinery that occur during
early development and present a mechanistic
model for the slowing of the cell cycle. We
then discuss how this transition could
potentially be timed in the Drosophila embryo,
and then finally, we compare the proposed
mechanisms to what is known in other
organisms.

Early development in Drosophila

Like other externally developing eggs, the
Drosophila egg is large—about 100,000 times
the size of an average somatic cell in the adult
fly. After fertilization, its nuclei multiply and
divide in synchrony in a massive cytoplasm,
called a syncytium (86). The nuclei share the
cytoplasm and are not separated by plasma
membranes; consequently, mitosis occurs
without cytokinesis. While this mode of
development may seem unfamiliar, it is a
paradigm commonly used in insects. The early
morphology and cell cycle of the embryo are
diagrammed in Figure 1.

The earliest nuclear cycles are exceptionally
rapid—the nuclei divide every 8.6 minutes (35,
86). Thus, while an average tissue culture or
somatic cell takes 8-24 hours to go through
the cell cycle, a Drosophila embryo manages
14 cell cycles in only 1.5 hours, producing an
embryo with thousands of cells. How does the
early embryo achieve this notable speed? In
short, by modifying the cell cycle, such that the
process of DNA replication occurs much more
quickly than in most cell cycles (6, 71, 92) and
by omitting the gap phases between
replication and mitosis (27, 71). So, instead,
the nuclei alternate between mitosis and
extraordinarily short S phases, during which
the entire genome replicates simultaneously in
as little as 3.4 minutes (Figure 1) (6). These
cell cycles divide the large pre-existing
cytoplasm without growth (81). Moreover, the
cell cycle is more-or-less synchronous
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Figure 1. Early Development in Drosophila

A diagram of the first 14 cycles of Drosophila development with notable morphological stages
illustrated at the top. Note that while most embryos are displayed as sections through the middle
of the embryo with the ventral side to the right, the final illustration is a surface view, with the
ventral side up. The process of cellularization is diagrammed in more detail in the insets. The
duration of each phase of the cell cycle is below: S phase (green), mitosis (red), and G2 (blue).
Mitosis 14 is represented as a series of small bars because the embryo is no longer
synchronous at this time and individual groups of cells enter mitosis at different times according
to a developmentally programmed schedule. The timing of notable morphological events are
demarcated in grey boxes: the migration of the nuclei to the blastoderm, the insulation of the
germline by cellularization of the pole cells, the cellularization of the blastoderm nuclei, and
the onset of the first gastrulation movement—ventral furrow formation. Below this is
diagrammed the approximate number of genes for which zygotic transcripts have been detected
over time.

throughout the entire embryo during these
cycles.

During interphases 8 and 9, most of the nuclei
migrate outwards, forming a shell of nuclei
near the plasma membrane by interphase 10,
known as the blastoderm (Figure 1) (35, 86).
The blastoderm cycles resemble the pre-

blastoderm cycles in that they are quick and
synchronous, but once the nuclei reach the
surface and form the blastoderm, the cell cycle
begins to slow gradually, with interphase
progressively lengthening slightly each cycle,
from about 9 minutes in cycle 10 to 14 minutes
in cycle 13 (35, 86). These cycles still lack gap
phases.
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However, between cycles 13 and 14, a much
more dramatic change in the regulation of the
cell cycle slows it considerably and
desynchronizes it—while interphase 13 was
only 20 minutes long and the same length for
every nucleus (35), interphase 14 is a
minimum of 70 minutes, and its length differs
for different groups of cells in a spatially
stereotyped pattern (34). This slowing occurs
via two mechanisms: first, S phase becomes
much longer, but remains synchronous,
increasing from 14 minutes in cycle 13 to 50
minutes in cycle 14 (92), and second,
interphase 14 exhibits the first G2 gap phase
(26, 27) where cells pause for a self-
determined, developmentally programmed
length of time between the completion of
replication and entry into mitosis (Figure1) (34)
(27). There is still no G1 gap phase between
mitosis and replication (27)—it will not be
introduced for several more cell cycles in a
separate regulatory change (15, 57, 58).

During interphase 14, more than the cell cycle
changes—morphogenesis begins. During the

long S phase 14, the process of
cellularization pulls membrane down
between the nuclei and deposits new

membrane to envelop each nucleus in its own
plasma membrane, dividing the syncytial
blastoderm into over 6,000 cells (Figure 1).
Then, following cellularization, the first
gastrulation movements begin during G2 of
interphase 14. These include formation of a
ventral furrow, where the mesodermal
precursors internalize, and a cephalic furrow
that transiently demarcates the cells that will
comprise the cephalon (or head region) of the
fly (Figure 1). Throughout these gastrulation
movements, stereotyped groups of cells
known as “mitotic domains” exit their G2
phases and enter mitosis 14 in a
developmentally programmed order, in their
first departure from synchronous mitotic cycles
(27, 34).
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Transitions in embryonic regulation

Early development is extremely fast, and
consequently, many events often occur nearly
simultaneously and processes with
progressive steps can appear abrupt. Often,
groups of changes in early embryonic
development have been lumped together as
abrupt “transitions” that, after more detailed
analysis, can be seen to result from several
distinct regulatory processes. Here, we try and
put the major “transitions” of the early embryo
into this context.

At fertilization, the embryonic genome is
nearly quiescent, and maternally loaded gene
products direct development. As the embryo
progresses, however, zygotic gene products
become required for developmental events
and the progress of the cell cycle; thus, control
of development and the cell cycle is handed
off from the maternal genome to the zygotic
genome, often called the maternal to zygotic
transition, MZT. But is it really a single
transition? Early definitions of the MZT were
made based on the first obvious derangement
of an embryo (usually a failure to continue cell
division) when the input of the zygotic genome
was blocked by inhibiting transcription (44,
66). By focusing on the first obvious deviation
from normal, this approach defines a single
transition point, but could erroneously collapse
a progressive sequence of events into a single
moment. While neither the loss of any single
zygotic gene nor any large region of the
genome perturbs the earliest steps of
development, an ever increasing number of
mutants display phenotypes as development
progresses. This shows that dependency on
zygotic gene activity first becomes obvious in
cycle 14, but that there is a continuous and
progressive emergence of zygotic control of
more and more processes (38, 108, 113).

Since transcription must underlie the function
of the zygotic genome, molecular assays for



the first zygotic gene expression, often called
zygotic genome activation, have also been
used as a measure of MZT. A major increase
in transcription accompanies the progression
of early embryonic divisions and experimental
measures in numerous systems have defined
a point of first activation. Since the first zygotic
phenotype does not necessarily become
apparent at the time of the changes in zygotic
expression that caused it, this has resulted in
multiple conflicting times defined as the MZT
in Drosophila. For example, even though
zygotic phenotypes are first described in cycle
14, cycle 10 has been designated as the first
point of zygotic transcription in Drosophila
based on the incorporation of radioactive
precursors into mature transcripts (28, 120).
Additionally, an assay’s ability to define a time
of zygotic genome activation is limited by its
sensitivity, and several considerations suggest
that cycle 10 is simply the point in a
progressive process when an increase in
transcriptional activity first makes it detectable
by this methodology. This is probably further
compounded by the increase in nuclear
content over the early cycles—when looking at
transcriptional output, a similar activation of
the genome will be twice as difficult to detect
each cycle prior, since there would be half as
much template and consequently half as many
transcripts produced.

Several findings suggest that transcription can
and does occur before cycle 10 in Drosophila.
For instance, the regulatory cascade leading
to sex determination begins with genes such
as sc, which is zygotically expressed by cycle
6 (17) and sisA in cycle 8 (30). The promoters
of a number of patterning genes, including, ftz,
are also active before cycle 10 (10, 84).
Additionally, the transcription of other genes
has been detected before cycle 10 (8, 84), and
as more sensitive assays have been applied,
the list continues to grow (1, 16, 63). It seems
as if there is a progressive increase in
transcription over the development of the
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embryo, where the transcription of new genes
can be detected in each cycle. Such early
transcriptional activity is not unique to
Drosophila: when biochemical and
autoradiographic methods were pushed to
high sensitivity, transcription was detected in
Xenopus eggs before the MBT (55), which
was previously considered the time of zygotic
genome activation (77, 78).

The summarized analyses of specific genes,
as well as genome-wide studies of gene
expression (63) suggest that different genes
initiate  expression at different times
throughout much of early development. The
complexity of transcriptional activation argues
for multiple events rather than a discrete
genome-wide transition in transcription (84,
116, 117).  Furthermore, genome-wide
analyses of mutants that affect transcriptional
onset have found that some, but not all genes
are affected in each mutant, and the affected
genes are in partially overlapping groups (3,
61, 64, 79), supporting the idea that each
individual gene’s transcriptional onset could be
determined by a promoter-specific
combination of multiple inputs, leading to
numerous programs of transcriptional onset.

Thus, at the genome-wide level, the switch
from maternal to zygotic control seems to be a
progressive process, rather than a sharp
transition, regardless of whether one
considers the requirement for zygotic gene
function or the onset of zygotic expression.
While there is a general and impressive
increase in embryonic transcription that
culminates in high transcriptional activity in
cycle 14, this increase is achieved in multiple
increments distributed over early development,
combined with an exponential expansion of
coding capacity and increased opportunity for
transcription as the cell cycle slows. Not
surprisingly, use of the term MZT has varied
depending on the emphasis of the
investigators and the experimental criteria that



they use to assess it. However, the concept of
the MZT remains useful, so long as one
focuses on a very specific process, such as
the transition of the control of entry into
mitosis, where one can define a definitive time
and an associated mechanism for the
transition from maternal to zygotic regulation
(38).

Like the MZT, the MBT itself was once defined
as a transition where seemingly everything
that was important in early development
changed in a single concerted event. The
changes used to define the MBT in the early
Xenopus work were the onset of transcription,
the initial slowing of the cell cycle, and the
onset of cellular movements (77, 78).
However, subsequent observations showed
that these events could be uncoupled in
Xenopus (55), and in Drosophila as well (24).
Moreover, the initial departure from “precisely”
repeating cell cycles to gradually slowing
cycles, which was used to mark the MBT in
the original Xenopus literature, was followed
by another dramatic change in the cell cycle
just prior gastrulation called the Early Gastrula
Transition (EGT) (49). In Drosophila, the most
dramatic and abrupt changes occur at cycle
14 and this has been conventionally called the
MBT in this organism, a convention that we
adhere to. However, it is important to note that
the changes at cycle 10 in Drosophila
embryos, which we call pre-MBT slowing,
might be more analogous to the MBT changes
of Xenopus, and the changes in Drosophila
cycle 14 embryos might be more properly
compared to the EGT changes in Xenopus.

The concept of the MBT as a single, concerted
transition in the embryo has been eroded by
the recognition of numerous steps in early
development. However, it remains true that the
fourteenth cell cycle of Drosophila marks an
important  transition in  embryogenesis,
accompanied by a major change in cell cycle
regulation and consequent slowing of the cell
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cycle, a dramatic up-regulation of zygotic
transcription, increased turnover of maternal
messages, and the onset of gastrulation
movements. Since these concurrent events
are not necessarily co-regulated, we suggest
that it is important to study the mechanistic
underpinnings of each event; here, we focus
on the mechanistic basis of the slowing of the
cell cycle.

Why have a specialized, exceptionally
rapid early cell cycle program?

It's impossible to be sure of the evolutionary
pressures that led to modern biological
phenomena. However, a major problem
encountered by eggs laid in the external
environment could potentially explain the need
for rapid cell cycles: eggs cannot eat. Instead,
they must subsist entirely on the limited supply
of maternal nutrients that are contained in the
egg. Thus, in order to support the
developmental program until it generates an
organism that can feed itself, eggs have
evolved to be very large and nutrient-rich. But
this creates a new problem—before hatching,
the egg has no means of escape or active
defense, and it presents a highly nutritious
target for predators. The rapid cell cycles of
early development are possibly a response to
this, as they serve to minimize the pre-
hatching vulnerable stage and proceed to
hatching as quickly as possible.

Achieving speed

As mentioned briefly in the introduction, the
rapidity of the pre-MBT cell cycles is achieved
through a potent combination of
specializations of the cell cycle: (1) their
dependence entirely on maternal
contributions, (2) their lack of gap phases, and
(3) their unusually speedy replication of the
genome.

Dependence only on maternal contributions
During the more leisurely paced cell cycles of
later development, stage-specific transcription




of genes advances the cycle to the next
phase. For example, transcription of S phase
genes, promoted by E2F, contributes strongly
to the G1 to S transition (21, 22). However,
since the rate of production of completed
transcripts is limited by the elongation rate and
maximal packing of RNA polymerase onto the
gene, in an egg with much more cytoplasm
per copy of the genome and a very short
interphase, it is considerably more difficult to
make sufficient numbers of transcripts to
control the cytoplasm each cell cycle. Large
somatic cells often circumvent this problem
often by amplifying their entire genome (37,
48, 99), amplifying selected genes in the
genome (11, 101), or carrying repeated arrays
of genes that are particularly in demand (9,
52), but these strategies have not been widely
adopted in eggs. Instead, the early embryo
takes a shortcut and relies primarily on
translation of maternally provided transcripts
and post-translational modification to direct the
early cycles.

Lack of gap phases

In the canonical cell cycle, two gap phases—
G1 and G2—serve as pauses before entry into
DNA replication and mitosis, respectively.
Cells often use them as a time to grow, or to
exit the cell cycle if they do not need to
undergo further divisions (75). However, the
cells of the early embryo, with no external
source of nutrition for growth and a clear
imperative to proliferate, neither grow nor
pause as they subdivide their generous
cytoplasms into smaller cells. Thus, the gap
phases are dispensed with, thereby hastening
the cell cycle, until cycle 14 when a G2
phase—a pause between completion of
replication and entry into mitosis—is
introduced (27, 71). Pausing in G2 requires
that Cdk1 be inactive after the completion of
DNA replication—otherwise, it performs its
characteristic role and triggers entry into
mitosis (26, 27, 74, 75). The appearance of
G2 in cell cycle 14 coincides with inhibitory
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phosphorylation of essentially all the cyclin-
dependent kinase 1 (Cdk1) and inactivation of
this mitotic activator (Figure 2) (29). Such
widespread inhibitory phosphorylation does
not occur in the early cycles, but Wee kinase
still contributes perhaps by locally constraining
Cdk1 activity (104, 105).

Grapes (Chk1)
kinase

String/Twine
(Cdc25)
phosphatases

/N

Wee/Myt1 \ j
kinases

inhibitory
phosphorylation

Cyclin

Figure 2. Regulation of Cdk1
Cyclin-dependent kinase 1 has diverse inputs
that can regulate its function, which are
diagrammed here. First, it requires a cyclin
partner. Second, it requires activating
phosphorylation in order to be functional.
Third, it must be free of inhibitory
phosphorylation, which blocks the ATP-
binding pocket. This inhibitory phosphorylation
is added by Wee and Myt1 kinases (which
are thus inhibitors of Cdk1) and removed by
String and Twine (Cdc25) phosphatases
(which are thus activators of Cdk1)

Rapid S phase
The speed of DNA replication in early
Drosophila embryos is truly astounding—in 3.4




minutes, the embryo replicates its entire
genome, a process that will take 50 minutes
immediately following the MBT, and in
differentiated somatic cells can take 8 hours or
more (6, 92). Two differences contribute to the
extension of the embryonic S phase from 3.4
to 50 minutes. First, replication origins are
slightly more tightly packed—on average,
every 7.9 kb in the pre-blastoderm embryo (6),
compared to 10.6 kb in a cycle 14 embryo
(71). Thus, with a slightly longer distance for
each replication fork to travel, it would take
slightly longer to replicate the DNA between
origins in cycle14. However, this ~30%
increase in origin spacing does little to explain
the ~1500% change in S phase length
between the initial rapid cycles and cell cycle
14.

A larger contribution seems to come from a
change in replication timing of different
sequences. In most S phases, such as those
after the MBT, not all sequences in the DNA
replicate at the same time. While the
euchromatin begins to replicate immediately
upon entering S phase, many late replicating
sequences, which are generally
heterochromatic, wait until later in S phase to
replicate (Figure 3a) (92). The prime example
of late replicating sequences in Drosophila are
the satellite sequences—stretches  of
megabases of highly repetitive DNA that
account for nearly 30% of the genome (62,
92). In the pre-blastoderm cycles, all
sequences—both the euchromatin and the
satellite sequences—replicate at essentially
the same time; since all regions of the DNA
are copied simultaneously, the job is
completed quite quickly. As development
progresses, the satellite sequences shift from
being early replicating (and replicating
simultaneously with the euchromatin) to being
late replicating (Figure 3a) (69, 92, 119). The
shift is subtle and gradual in the pre-MBT
cycles, where the replication of different
sequences still largely overlap, but with slight
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offsets, and then dramatic after the MBT,
when different clusters of satellite sequence
replicate in a prolonged sequence (69, 92,
119). In cycle 14, some of the satellite
sequences do not begin to replicate until 15 or
30 minutes after S phase begins—a delay that
is longer than the entirety of S phase 13 (92).
These delays by the Ilate replicating
sequences account for most of the lengthening
of S phase.

Surprisingly, the shift in the satellite
sequences from early replicating to late
replicating has also been tied to the activity of
Cdk1 (32). This was initially unexpected
because it is generally thought that Cdk2 is
the regulator of S phase, whereas Cdk1
regulates mitosis (74, 75). However,
manipulations of Cdk1 levels in early embryos
changed the timing of the replication of the
satellite sequences (32). In cycle 14, the
satellite sequences usually replicate late and
Cdk1 activity is usually low (29, 92); increased
Cdk1, however, was able to accelerate S
phase and promote earlier replication of the
satellite sequences (32). Conversely, before
the MBT, the satellite sequences usually
replicate early, and Cdk1 activity is present
throughout the cycle (29, 92); decreasing
Cdk1 activity during the early cycles
lengthened S phase significantly, it seemed
through promoting late replication (32).
Despite the thought that Cdk2 usually
regulates S phase, injection of activated Cdk2
did not affect the timing of DNA replication
(32). This has led to the idea that the satellite
sequences are intrinsically late replicating, but
that modest Cdk1 activity during S phase can
override that preference and cause them to
replicate early.

The consequences of speed

The devotion of the early embryo to cell
proliferation quickly generates the cells
needed to begin specifying and building the
tissues of the embryo, but it also seems to
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Figure 3. Model for MBT cell cycle slowing

(a) Cartoon approximations across developmental time (marked at the top), showing replication
timing of early and late replicating sequences (92), protein levels of Cyclin (29) and Cdc25 (31),
and Cdk1 activity (29). Also listed are the approximate number of genomes and the
transcriptional onset of genes discussed extensively in the text. (b) A cartoon of the model
espoused in this review for how the cell cycle changes mechanistically during Drosophila early
development. Note that cycles 10—12 are omitted and cycle 14 is separated into 3 sections.




preclude and defer other critical activities.
Mitosis is extremely disruptive: it appropriates
the cytoskeleton to build a mitotic spindle and
cleavage furrow, and during the event, the
Golgi is disassembled and translation is
suppressed  (81). Given that many
morphogenetic events require specialized
cytoskeletal rearrangements, they must wait
for the cell cycle to slow. For example, the
movement of plasma membrane during
cellularization is directed by massive
cytoskeletal structures (35, 87, 97), and it is
disrupted and forced to restart if mitosis is
induced during cellularization (24).
Additionally, the shape changes that drive
internalization of cells into the ventral furrow
are directed by changes in the cytoskeleton as
well (108), and mitosis during the process of
formation of the furrow often forces cells back
out, preventing their proper internalization (46,
67, 90). Thus, the cell cycle must be slowed to
create conditions conducive to
morphogenesis.

Furthermore, many morphogenetic events,
including cellularization and gastrulation
require localized zygotic transcription (60).
But, transcription is suppressed during mitosis,
and transcripts in the process of being
extended—nascent transcripts—are aborted in
mitosis and must be restarted in the following
interphase. As a result, only short transcripts
can be completed within the brief interphases
of the early cycles (93). Additionally, intense
replication activity may interfere  with
transcription in interphase—it is notable that in
both Xenopus and Drosophila, the earliest
observed transcription was seen only in nuclei
with early prophase characteristics,
suggesting that in these early cycles
transcription may be confined to the very end
of interphase, as replication is completed and
nuclei are preparing for mitosis (55, 84). Thus,
when the cell cycle slows at the MBT, it
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provides an increased
transcription (24, 93).

opportunity  for

A mechanistic view of pre-MBT cell cycle
slowing

So, given that it is developmentally critical to
end this program of rapid divisions, how does
the embryo slow them? There are two phases
of cell cycle slowing—first, the gradual slowing
of the cycles before the MBT, and then the
abrupt slowing at the MBT. We will discuss
each of these in turn.

DNA replication and the replication checkpoint
time the pre-MBT cycles

Each cell cycle prior to the MBT slows by a
slightly bigger factor than the one before,
which gives the impression of a progressive
process that leads up to the dramatic, switch-
like change in cycle 14. This progressive
slowing appears to be part of the transition in
a number of species, suggesting that it may be
an integral component of the early cycles.

Excellent insight into how this slowing occurs
comes from studies of mutations in grapes,
which encodes the Drosophila homolog of
Chk1—a checkpoint kinase that is activated in
response to incomplete DNA replication (36,
96). Once activated, Grapes suppresses
cyclin:Cdk1 activity by promoting its inhibitory
phosphorylation (36, 96). It does this by
enhancing the activity of Wee kinase, thereby
promoting the addition of the phosphates, and
suppressing  the  activity of  Cdc25
phosphatase, which would normally remove
them (Figure 2). In most situations, Chk1
kinases are dispensable and perform essential
roles only during DNA damage or replication
stress; in accord with this, grapes mutants are
viable unless so stressed (36, 95, 96).

However, female grapes mutant flies lay eggs
that never hatch. Without their maternal supply
of Grapes, these embryos (hereafter called



grapes embryos) suffer a mitotic catastrophe
in mitosis 13 when they attempt to divide prior
to completing the replication of their DNA (36,
96, 106, 118). This phenotype seems to result
from an inability of grapes embryos to induce
inhibitory phosphorylation of Cdk1 (36, 96)
and thereby delay mitosis until completion of
replication, as it is similar to the phenotype
observed in embryos from wee mutant
mothers (83, 103). More importantly for the
timing of the pre-MBT cycles, grapes embryos
fail to extend cycles 11-13 to the degree seen
in normal embryos (96). By cycle 13, the
mismatch between the increasing duration of
S phase and interphase length leads to entry
into mitosis with incompletely replicated
chromosomes, an event that is visualized as
extensive DNA bridging between
chromosomes trying to separate in anaphase.
This suggests that inhibitory phosphorylation
driven by Grapes mediates pre-MBT
interphase lengthening. Moreover, when S
phase is artificially lengthened by injection of
aphidicolin, which inhibits progress of the
replication forks, the early cycles are extended
in a grapes-dependent manner (96). This
suggests that an extended S phase can
lengthen interphase by activating Grapes.
Indeed, mutations in other genes in the
Grapes dependent checkpoint pathway give
the same early defects in cell cycle
lengthening arguing for a model in which the
checkpoint pathway extends interphase (83,
95, 103). Since DNA replication becomes
gradually slower during these cycles (92), the
model suggests that continuing S phase
prevents mitotic entry by activating the
checkpoint pathway that inhibits Cdk1 thereby
coupling interphase length to S phase length.
Accordingly, it is S phase length that sets the
pace of these early cycles.

Further confirmation that DNA replication
determines the length of the early cycles
comes from experiments where S phase was
deleted by injection of the inhibitor Geminin
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(69). Geminin prevents the assembly of pre-
replication complexes in the following cycle
(70, 85). Thus, upon entry into the next S
phase, there are no licensed origins, so no
replication begins whatsoever (69). Note that
deletion of S phase is different from inhibition
of replication (such as with aphidicolin); when
replication is inhibited, it begins, but progress
of DNA polymerase is slowed, which induces
replication stress, activates the checkpoint,
and prevents cell cycle progress. In contrast,
when S phase is deleted, even though no
replication forks are built and no replication
occurs, the cell appears to lack signals that
replication failed and the cell cycle goes on,
though of course abnormally because mitosis
occurs with unreplicated chromosomes (69).
Deleting S phase during the early cycles
shortens the early interphase to the same
degree as mutation of grapes, but has no
consequence on the duration of interphase in
embryos lacking grapes function (69). This
further supports the idea that continued DNA
replication causes the signal that activates the
DNA replication checkpoint in each cycle, and
thereby lengthens the pre-MBT cycles slowly.

Why does DNA replication slow during the
early cycles?

Initial mechanistic proposals for the gradual
slowing of the cell cycle involved titration of a
maternal factor; the thought was that as the
DNA doubled each cycle, the amount of a
maternally loaded component would
eventually become insufficient to support
continued rapid cell cycles (41). Early models
suggested that titration of replication factors
could slow S phase by decreasing origin
utilization and increasing the distance
traversed by each replication fork (78).
However, as discussed above, the change in
origin frequency is not substantial (6, 71), and
it is now apparent that S phase lengthens due
to an increasing delay in the initiation of
replication of satellite sequences (92, 119). So
then, why is there a progressive delay in the




timing of initiation of satellite DNA replication
in cycles 10-137? The finding that cyclin:Cdk1
drives early replication of satellite sequences
prior to the MBT and that down regulation of
cyclin:Cdk1 triggers S phase extension at the
MBT has led us to view some old findings in a
new light (32).

The levels of cyclins and the activation of
Cdk1 in the early embryo were examined in
detail some years ago (29). A role for cyclin in
timing the blastoderm cycles was revealed by
genetic reductions in cyclin dose, which
modestly increased the lengths of these cycles
(29). At the time, the data were interpreted in
light of cyclin’s requirement to enter mitosis; it
was thought that in these cycles, entry into
mitosis required the accumulation of a
particular amount of cyclin, and reduction in
the amount of cyclin mRNA loaded by the
mother would increase the time required to
translate that amount. However, further study
has revealed that cyclin is not limiting for the
entry into mitosis; when RNAi knockdown is
used to reduce the level of cyclin mRNA by
about two-thirds in grapes mutant embryos,
the timing of the pre-blastoderm cycles is not
changed (118). Thus, cyclins are in excess,
and even with a significant reduction in the
level of their message, they accumulate
rapidly enough to trigger mitosis in grapes
embryos, which occurs even earlier than in
wild-type embryos. The finding that cyclin
levels do not directly govern mitotic entry is in
concert with the more recent findings
indicating that S phase duration is the key
determinant of interphase length. Thus, we
revisit the early studies to consider how cyclin
levels and Cdk1 activity might influence S
phase duration.

Early observations showed that the cyclins are
very abundant in the early embryo, and neither
their bulk levels nor the bulk activity of Cdk1
kinase oscillate in the pre-blastoderm cycles
(Figure 3a) (29). However, cyclin destruction is

12 /29

required to exit mitosis even in these early
cycles without obvious oscillations in cyclin
level, which has led to the unconfirmed, but
widely accepted assumption that localized
cyclin destruction centered around the mitotic
spindle allows mitotic exit (105). During the
progressively slowing blastoderm cycles, the
increased destruction of cyclins becomes
apparent and progressively more intense each
cycle (29). Thus, if cyclin destruction is
coupled to the mitotic apparatus, perhaps the
increasing DNA leads to greater destruction of
the cyclins each mitosis, and this results in the
lower cyclin levels observed at the beginning
of each blastoderm interphase. Even though
mitotic cyclin destruction is far from complete,
once mitotic decline in cyclins becomes
apparent, all Cdk1 in the embryo loses its
activating phosphorylation and loses activity
for a brief period at the beginning of each
blastoderm cycle (Figure 3a) (29). The early
replication of the satellite sequences depends
on Cdk1 activity (32), and in the blastoderm
cycles, brief delays in the onset of satellite
sequence replication become apparent (92,
119). Thus, we suggest that the increasingly
long period of Cdk1 inactivity at the beginning
of each blastoderm cycle—seemingly caused
by the progressively more thorough cyclin
destruction at each mitosis and more
prolonged loss of the activating
phosphorylation—results in an increasing
offset in the time of initiation of satellite
replication in each successive cycle (Figure
3b). This gradually makes S phase longer,
resulting in more prolonged activation of the
replication checkpoint in successive cycles,
thereby further delaying the entry into mitosis
in each cycle and lengthening it.

The dramatic lengthening of the cell cycle
at the MBT

While the gradual lengthening of the pre-MBT
cycles seems to be a part of a progressive
program, where each successive cycle
lengthens slightly, the transition in cycle 14 is




much more abrupt. The duration of S phase
lengthens from 15 minutes to 50 minutes—a
much starker increase than in the preceding
cycles—and a G2 phase is introduced (27, 92)
(Figure 1). Additionally, for the first time, rather
than entering mitosis synchronously, different
domains of cells exhibit different schedules of
mitosis (34). Both of these changes—the
longer S phase and G2—result from the
downregulation of Cdk1 (27, 29, 32). But in
cycle 14, Cdk1 activity is regulated differently
than in the pre-MBT cycles, where
progressively increasing cyclin destruction and
slight and progressive delays in satellite
replication appear to be responsible for the
pre-MBT slowing.

Cdc25 phosphatase activity determines the
length of interphase 14

Given the apparent ubiquity of the inhibitory
kinases, Wee and Myt1, Cdc25 phosphatase,
which removes inhibitory phosphates from
Cdk1, is necessary for cyclin:Cdk1 activity
(Figure 2) (20, 26, 27, 29, 42, 88). Gel shift
assays first detect inhibited phospho-isoforms
of Cdk1 in cycle 14 and show full conversion
of Cdk1 as S phase of cycle 14 progresses
(29). In contrast, these inhibited isoforms are
rare (though present) in the preceding cycles
(29, 103). This suggests a change in the
regulation of Cdk1. Indeed, isolation of
mutants in string, which encodes one of the
two  Drosophila homologs of Cdc25
phosphatase (Figure 2), revealed that entry
into mitosis 14 required zygotic transcription of
cdc25/string (26, 27), and premature string
expression from an inducible transgene was
sufficient to shorten G2 and trigger early entry
into mitosis (27). This showed that progression
to mitosis 14 is limited by a requirement for
Cdc25 activity. Furthermore, in situs and
immunohistochemistry showed that string
transcription and subsequent accumulation of
String protein foreshadowed the exit from the
G2 of cycle 14 and the entry into mitosis for
each cell (23, 25, 26). This further supports
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the idea that developmentally regulated
expression of cdc25/string determines the
length of G2 for each cell and triggers its entry
into mitosis.

Injection of cdc25 mRNA in early cycle 14
showed that Cdc25 activity could have a
second effect on shortening the cell cycle,
aside from triggering exit from G2. Cdc25
activity in cycle 14 triggered early replication of
the satellite sequences and thereby vastly
shortened S phase (32). This effect was
phenocopied when mRNA encoding a variant
of Cdk1 that is resistant to inhibitory
phosphorylation was injected (32).
Conversely, lowering Cdk1 activity in cycle 13
lengthened the normally short pre-MBT S
phase and seemed to trigger sequences to
become prematurely late replication (32). This
suggested that a reduction in Cdc25 and the
consequent reduction in Cdk1 activity between
interphase 13 and 14 lengthened cycle 14
both through slowing DNA replication and
promoting G2.

Maternal Cdc25 is depleted via destruction of
Cdc25/Twine protein

But, why does Cdc25 suddenly become
limiting in cycle 14, so as to permit inhibitory
phosphorylation of Cdk1? Early work had
shown that the egg has significant maternal
RNA stores (23) encoding two different Cdc25
proteins, String (26) and Twine (2, 13).
Additionally, immunoblots showed protein
levels of String (29) and Twine (18, 31) were
also high during the pre-MBT cycles. While
dramatic destruction of both maternal
transcripts occurs in cycle 14 (23), RNAI
knockdown of string and twine mRNA in the
early embryo did not cause cell cycle arrest
(31), suggesting that downregulation of these
messages is not a sufficient explanation for
the cell cycle change, though it likely acts to
reinforce the change (23, 76). String protein
declines slowly during the blastoderm cycles
and becomes essentially undetectable in cycle




13 (29), but Twine protein is relatively stable
before the MBT, and its level remains high
until early in cycle 14, when it is abruptly
destabilized and destroyed (18, 31). Thus, it
seems that Twine protein destruction likely
allows accumulation of the inhibitory
phosphorylation on Cdk1—catalyzed by
inhibitory kinases, Wee and Myt1 (Figure 2)
(51, 83, 103)—to inhibit its activity, lengthen S
phase and add G2 (Figure 3b).

Inhibitory phosphorylation collaborates with an
inhibitor of Cdk1

Genetic studies further support involvement of
Twine and other regulators of Cdk1 in the
trigger that prolongs the cell cycle at the MBT.
Embryos laid by mothers that were germline
deficient for string and heterozygous for twine
(and so had about 0.25x the normal cdc25
gene dose) often cellularized one cycle early
(23). Reciprocally, embryos from mothers with
two additional copies of twine (and so about
1.5x the normal cdc25 gene dose)
occasionally executed the MBT one cycle late
(23). The penetrance of this extra pre-MBT
division increased dramatically when embryos
were mutant for frihstart, a Cdk kinase
inhibitor (CKI) that is transcribed in early cycle
14 (40, 45, 46). These results further confirm
that the amount of maternal Cdc25 and
embryonic Cdk1 activity influence the timing of
the MBT and that Cdc25 and Cdk1
downregulation are most likely the key timer of
cell cycle slowing (Figure 3b).

The transition is active and dependent on
transcription

While the changes to cell cycle regulators that
result in the extension of interphase at the
MBT are described above, it does not explain
why the transition happens in cycle 14. A
major historical interest has been the
dependence of the cell cycle on transcription,
which also seems to be a major component
involved in triggering the MBT. Requirement
for transcription has been probed in many
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systems by testing the consequence of its
inhibition by the alpha-amanitin, an inhibitor
of RNA polymerase Il (14, 23, 77, 92). In
Drosophila, injection of alpha-amanitin shortly
before the MBT prevents the prolongation of S
phase and the MBT slowing of the cell cycle
(23, 92). As described above, Cdc25
elimination is critical for these processes, and
alpha-amanitin also prevented the
programmed destruction of Twine protein in
cycle 14 (31). The exact transcriptional
cascade that triggers destruction of Twine has
not been fully elucidated, though candidate
factors have been identified, including tribbles,
which acts through an unknown mechanism
(31, 107). Regardless, these results argue that
Twine destruction and the MBT-associated
prolongation of the cell cycle are active
processes that require transcription in
Drosophila.

Timing the mid-blastula transition

The N/C ratio

Early and influential experiments that
physically manipulated the number of nuclei in
frog egg fragments provided evidence that
changing the ratio of nuclei to cytoplasm
(hereafter, “the N/C ratio”) alters the time of
MBT events (77, 78), suggesting that some
events require accumulation of particular
amounts of DNA to occur. Studies of
Drosophila strains that produce haploid
embryos support the idea that the N/C ratio is
important for determining the time of slowing
the cell cycle in Drosophila as well (24). These
embryos, which have half as much DNA,
require one more cell cycle (presumably for
one more round of replication) to trigger
slowing of the cell cycle (24). An even more
detailed analysis that used aneuploidy to
generate embryos with varying amounts of
DNA suggests that there is a threshold around
70% of the DNA that is normally present in a
cycle 14 embryo—embryos with less than
75% the normal amount of DNA regularly went
through an extra cycle before the MBT, and




embryos with more than 134% often went
through one fewer cycle before the MBT (64).
However, it does not seem likely that the N/C
is read out at a single time—the N/C ratio
influences the activation of transcription of the
patterning gene ftz in cycle 9 (84), but also
detailed analyses of aneuploid embryos
indicate that it also is monitored in cycle 14
(64).

Multiple timers for multiple events

Summaries of the early work exploring the
influence of N/C on the MBT tend to ignore an
important aspect of the studies of haploid
Drosophila embryos—not all MBT associated
events were delayed a cycle. Cellularization
actually began in cycle 14 as normal, but the
abnormally early mitosis aborted it and forced
it to restart and complete in the now long cycle
15 (24). Similarly, an analysis of transcriptional
activation suggested that a dramatic
upregulation of zygotic transcription still
occurred in cycle 14 (24). Thus, some MBT-
associated events do not depend on reaching
a threshold N/C ratio. Instead, it appeared that
the lower N/C ratio, by allowing a continuation
of rapid cell cycles, might indirectly interfere
with  many other processes normally
scheduled to begin as the cell cycle slowed.

A recent experiment emphasizes that N/C
does not affect all MBT events. Embryos
whose cell cycles were prematurely arrested
in interphase 12 or 13 using RNAI against the
mitotic cyclins initiated cellularization, an MBT
event, at the normal time—neither advanced
nor delayed (68). This bypass of the normal
N/C threshold suggests that the N/C threshold
is required only to downregulate Cdk1 activity,
which was done here experimentally, or for
some consequence of this downregulation,
such as the arrest of the cell cycle.
Furthermore, the normal timing of MBT events
that occurred in this bypass argues that there
are other timers that are independent of N/C
and cell cycle progress. Recognition that there
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is such a timer is somewhat disquieting
because we have no idea how it works.
However, numerous events occur with
amazing temporal precision in the early
embryo—even before the approach of the
MBT—that are not significantly affected by
inhibition of transcription or deletion of large
segments of the genome (23, 73, 114). These
events, such as the migration of the nuclei to
the syncytial blastoderm (35, 102), give an
independent and compelling argument for
timers that are distinct from the MBT and use
maternally provided products to both time and
execute developmental events.

Could N/C-dependent transcription time the
MBT cell cycle transition?

As argued above, the onset of zygotic
transcription seems to be a progressive
process, where different genes exhibit
different requirements for their onset. A study
that used high-throughput methods to
compare expression of several hundred genes
in wild-type embryos and haploid mutants has
shown that the expression of some genes is
deferred for one cycle in haploid embryos,
while others initiate transcription in cycle 14
regardless of the accumulated DNA (64).
These were classified as N/C-dependent and
time-dependent genes, respectively. Thus, at
least some transcripts expressed at cycle 14
are regulated by the N/C ratio. Given that
transcription is required for cell cycle slowing,
one attractive model is that N/C-dependent
transcription governs onset of Twine
destruction, and delayed Twine destruction in
haploid embryos supports this idea (31).
Furthermore, the fribbles transcript, though
provided maternally, is upregulated by N/C-
dependent zygotic expression in cycle 13 (64),
and it functions by unknown mechanisms to
promote destruction of String and Twine (46,
67, 90). RNAi experiments suggest that it
contributes to, but is not essential, for the
onset of destruction of Twine at the MBT (31).
Thus, N/C-dependent tribbles transcription




could contribute to timing Twine destruction,
though there appear to be other transcriptional
inputs into its destruction, since alpha-
amanitin is more effective than tribbles RNAI
at suppressing Twine destruction (31).
Additionally, transcription of the cyclin:Cdk
inhibitor, frihstart, begins in cycle 14 (40, 45,
46) and seems to be dependent on the N/C
ratio (64). Its action as an inhibitor of Cdk1
seems to further contribute to and reinforce
slowing of the cell cycle. Thus, the onset of a
small collection of N/C-dependent transcripts
could be the trigger for the slowing of the cell
cycle (Figure 3b).

While  N/C-dependent genes that are
expressed before the MBT are excellent
candidates for the regulation of the cell cycle,
many N/C dependent genes are expressed
after the MBT, and their dependence on N/C
might be indirect if their expression depends
on an MBT event such as cell cycle slowing to
enable sufficient time for elongation of their
transcripts. Thus, a few directly N/C-
dependent genes could create a positive
feedback loop by slowing the cell cycle and
enabling the transcription of other indirectly
N/C-dependent genes.

While a model based on N/C-dependent
transcription as a timer of cell cycle slowing is
attractive, several cautions are in order. First,
a demonstration that transcription is required
for cell cycle slowing does not require that
transcription be the the timing signal. Second,
thorough experiments that created aneuploid
embryos missing different parts of the genome
have failed to identify any single locus that is
required for cell cycle slowing at the MBT (73,
114). Third, at present it has not been
determined whether N/C-dependent
transcripts respond directly or indirectly to the
N/C ratio. Thus, it remains formally possible
that the cell cycle fails to slow in cycle 14 in
haploids because of the failure to express
N/C-dependent transcripts, or that the cell
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cycle might fail to slow in cycle 14 in haploids
for an independent reason and the
appearance of the transcripts is then indirectly
delayed due to the altered developmental
program. Nonetheless, the most attractive
model at present is that increasing
transcription of several different loci that are
dependent on the N/C ratio, including tribbles
and frihstart, are involved in the change in
regulation of cell cycle and its slowing in cycle
14 (Figure 3b).

The mysterious identities of the timers

The question of how the N/C is detected and
could result in this transcription that affects or
triggers the MBT remodeling of the cell cycle
is still a major question in the field. Several
prominent proposals have been made, but
they are all unsatisfying in some way. We
present them below, as well as their caveats.
However, we consider this question to be one
of the foremost remaining questions in
understanding the timing of the Drosophila
mid-blastula transition.

Titration models

The most influential models for how the N/C
ratio could be detected and trigger a transition
have been titration models, where some
maternally loaded component in the embryo is
limiting (41). In their initial forms, they revolved
around limiting cell cycle components and the
idea that the increasing DNA in the embryo
would eventually become insufficient for the
maternal cell cycle component to continue to
support rapid cell cycles, thus slowing the cell
cycle (78). Recent results have shown that
overexpression of some DNA replication
components can delay the onset of the MBT in
Xenopus, which could potentially be consistent
with such a mechanism (12). However, results
in Drosophila argue that the titration of a cell
cycle component is not directly responsible for
lengthening cycle 14. Reintroduction of Cdc25
at the MBT is sufficient to drive a short cycle,
which shows that it is the only component




limiting for a short cell cycle (32). It, however,
does not seem to be passively titrated by
increased DNA, but rather actively destroyed
in cycle 14 (31). Thus, if a component is
titrated in the Drosophila embryo, it is probably
not a cell cycle component that
mechanistically slows the cell cycle. However,
titration of a maternal component could still act
as a sensor for N/C, only now the new findings
argue that the signal generated by this sensor
must trigger an active process to bring on the
destruction of Twine and the MBT. One
potential candidate could be an inhibitor of
transcription of some kind whose titration
triggers  transcription of N/C-dependent
transcripts. The inhibitor tramtrack is thought
to act in this fashion to allow transcription of a
small collection of genes in cycle 11 (84);
perhaps different inhibitors act in cycles 13
and 14 that remain to be identified.

Inhibition by the short length of the rapid
cycles

Another popular model has been that the
sheer shortness of the early cycles made
transcription impossible, since entry into
mitosis aborts nascent transcription (93).
Accordingly, N/C might activate transcription
indirectly by slowing the cell cycle and making
interphase long enough that there is sufficient
time to complete the transcription of the genes
important for triggering the MBT. This certainly
contributes to the the reinforcement of the
onset of transcription after the cell cycle is
actively slowed; some genes transcribed in
cycle 14 are too long to be completed during a
short cell cycle, and so require the slowing of
the cell cycle as a permissive condition to
allow their transcription (93). However,
experiments using RNAi against cyclins to
prematurely lengthen the cell cycle suggest
that an inability to complete elongation does
not limit the onset of MBT events—it did not
advance the time of Twine destruction, which
suggests that the transcripts involved in Twine
destruction were not advanced (31). Moreover,
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it did not advance the timing of cellularization
or gastrulation, indicating that perhaps no
MBT events are timed by such a model (68).

Zglda or Vielfaltig, a DNA-binding protein

A mutant of great interest for the timing of the
MBT is the zinc-finger DNA-binding protein
Zelda (also known as Vielfaltig), which is
found highly enriched at genes that are
expressed in cycle 14 and also those genes
expressed during the pre-MBT cycles (which
typically have more Zelda binding sites) (47,
79). Indeed, increasing or decreasing the
number of Zelda binding sites near a gene can
advance or delay (respectively) the time of
onset of transcription of that gene (8), and
adding Zelda binding motifs to a GFP reporter
can confer pre-MBT expression on the
reporter (16). A percentage of zelda embryos
go through an extra rapid division, suggesting
that Zelda regulates the transcription of one or
more genes involved in timing the MBT (61,
107). However, Zelda binds to most of its
target genes in cycle 8, long before they will
become activated (47), and the current model
for its function is that it assists the binding of
other transcription factors (89). Thus, it seems
less likely that Zelda is the switch that
changes at the time of transcription to turn on
expression of particular genes, but more likely
it instead creates a permissive condition that
allows those genes to be activated by another
trigger—perhaps the binding of other
transcription factors.

Smaug, an RNA-binding protein

One mutant whose role at the MBT is rather
confusing is the smaug mutant. Embryos from
mothers mutant for smaug (hereafter “smaug
embryos”) do not slow their cell cycle or
execute the MBT. Additionally, expression of
smaug in a gradient results in a gradient of
cellularization, so Smaug has been proposed
as a timer of the MBT (3). smaug embryos
exhibit defects in activation of the DNA
replication checkpoint—they do not exhibit






pre-MBT slowing or respond to aphidicolin,
like grapes embryos (3). As discussed
previously, the DNA replication checkpoint has
an important role in regulating the cell cycle of
the early embryo, so it is possible that
Smaug’s role in regulating the cell cycle acts
through Chk1. However, smaug embryos also
have penetrant defects in the onset of zygotic
transcription of a number of genes (3). Indeed,
tribbles and friihstart expression are thought to
be decreased in smaug embryos, as well
some regulators of cellularization (3). The
basis of Smaug’s connection to the DNA
replication checkpoint these phenotypes are
not understood, however. Smaug is an RNA-
binding protein, thought to repress translation
of its targets through its binding and promote
their destruction by recruiting the
CCR4/POP2/NOT deadenylase complex and
thereby shortening their poly(A) tail (91, 98,
109). There is no understood connection,
however, between Smaug’s known
biochemical function in repressing translation
of or destabilizing transcripts and the onset of
zygotic transcription or the activity of the DNA
replication checkpoint. Moreover, there is no
explanation for how Smaug would detect or be
regulated by the N/C ratio. Clearly, more
investigation into Smaug’s potential role in the
transition is needed.

An evolutionary perspective on the MBT

The genetics and detailed developmental
studies of Drosophila have offered us a fairly
detailed view of the MBT, but how does it
relate to events in other organisms? As
presented at the outset of this article, rapid
cleavage divisions are a widespread feature of
early embryos (82), as if there has been a
consistent benefit to the basic strategy of rapid
early cell proliferation throughout the evolution
of animals with externally deposited eggs.
Indeed, while Drosophila goes through 13
rapid cell cycles of lengths ranging from 8-20
minutes prior to dramatic slowing and
desynchronization, Xenopus laevis goes
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through 12 rapid cell cycles of approximately
30 minutes each, and zebrafish undergo 10
rapid cell cycles that are about 15 minutes
each (54, 56). Thus, for all of these organisms,
within three hours of fertilization, they have
subdivided the massive maternally provided
cytoplasm into thousands of cells.

However, convergent evolution might have
created this behavior independently in
different lineages, and even if the programs
are related by descent, it is unlikely that the
regulatory program would be conserved
unchanged. Organisms have dramatically
different eggs with associated distinctions in
early embryogenesis. Thus, we might expect
the control of embryonic cell cycle slowing to
have undergone considerable modification in
parallel with the changes in organization of
early embryogenesis (59, 122). In fact,
sequence homology comparison suggests that
Twine and String diverged quite recently, and
Twine may be unique to Drosophila, as the
only other Drosophila species have Cdc25
homologs that are more similar to Twine than
String (authors’ personal observation). This
suggests that at least some details of control
of the MBT must be different in other other
Diptera, and one might expect more dramatic
differences over larger evolutionary time
spans.

Xenopus
The Xenopus early cycles show superficial

similarity to those in Drosophila. The Xenopus
embryo undergoes 11 rapid cycles each
approximately 30 minutes long, and a twelfth
cycle that is slightly longer and is defined as
the MBT. Cycles 13-15 get progressively
longer (50, 99 and 253 min, respectively) (49).
The early gastrula transition (EGT) occurs
early in the greatly extended cycle 15 and is
associated with onset of gastrulation. The
Xenopus MBT is dependent on the N/C ratio,
as determined by ligation of eggs, and is not
dependent on zygotic transcription, based on



injection of alpha-amanitin (77). The detailed
cell cycle changes associated with cycle
prolongation immediately after the Xenopus
MBT are somewhat unclear. An early report
that both G1 and G2 were introduced at the
MBT (43), was contradicted by two later
reports (39, 50), however, it is not clear that
any of these studies have the temporal
resolution and sensitivity to define the specific
cycle at which either a G1 or G2 is introduced.
Nonetheless, all of the studies agree that
extension of S phase is an early change, and
that by the time of gastrulation, embryos
acquire both a G1 and G2. At the time of the
Xenopus MBT, Chk1 becomes activated and
is required for cell cycle lengthening (94),
similar to Drosophila. Moreover, Cdk1 shows
dramatic inhibitory phosphorylation at the MBT
(33), which is dependent on Chk1 and
accumulates between the time of the MBT and
EGT (94). This involvement of the checkpoint
pathway in the initial slowing of the cell cycle
is similar to Grapes/Chk1 dependent “pre-
MBT” slowing of the cell cycle in Drosophila.
Perhaps, as in Drosophila, Chk1 activation in
Xenopus acts to defer mitosis as S phase
prolongs. However, in Xenopus, Chk1
phosphorylation both inhibits Cdc25 activity
and promotes its destruction (94, 112), while
in Drosophila the abrupt destruction of
Twine/Cdc25 does not require Chk1 activity
(31).

Recent work in Xenopus has found that
overexpression of four DNA replication
factors—Dbp11/Cut5, Treslin/SLD3, Drf1, and
RecQ4 —can trigger additional short, pre-MBT
like cycles in Xenopus, but does not
accelerate the cycle before the MBT (12).
These factors contribute to the maturation of
the pre-replication complex necessary to build
functional replication forks. They promote a
key transition that appears to be the pivotal
step at which cyclin:Cdk is required for
activation of replication (7). One or a
combination of these proteins might be titrated
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by increasing DNA to trigger the MBT
transition to longer S phase (12). Even if none
of these proteins is actually titrated by
additional DNA at the MBT, acceleration of S
phase by their joint overproduction identifies a
step in the maturation of the pre-replication
complex that Ilimits post-MBT replication.
Presumably a regulatory change influencing
this step creates the sensitivity to
overproduction of these proteins at the MBT,
and it is notable that the downregulation of
cyclin:Cdk1, which is the event triggering cycle
prolongation in Drosophila, would affect this
same step, albeit by a different input.

Zebrafish

The zebrafish embryo goes through 9 rapid
cycles, slows very slightly in interphases 10—
11, and exhibits an extreme slowing in
interphase 12. It first begins to exhibit cell
cycle asynchrony in cycle 11 (54). Partial
enucleation experiments suggest that the MBT
slowing of the cell cycle is also timed by the
N/C ratio in zebrafish, as in Drosophila and
Xenopus (54). The dramatic slowing of the
cell cycle does not seem to depend on
transcription, as embryos injected with alpha-
amanitin did not exhibit signs of continued cell
division (14, 53). The embryos acquire a G1
phase at the MBT, but in a transcription-
dependent fashion, suggesting that it is not the
entry into G1 that regulates the dramatic
slowing of the cell cycle at the MBT in
zebrafish (121). Instead, as in Drosophila,
slowing of the cell cycle seems to result from a
longer S phase at the MBT (121) and
acquisition of a G2 phase at the MBT, though
this G2 phase does not require zygotic
transcription (14). Cdc25 and Cdk1 activity
become limiting at the MBT, like in Drosophila,
as overexpression of either Cdc25a or
inhibitory ~ phosphorylation-resistant ~ Cdk1
cause continued rapid divisions, while
phosphorylation-resistant Cdk2 does not (14).
However, upregulation of Cdk1 activity is not
capable of preventing the lengthening of S



phase in zebrafish, and so inhibitory-resistant
Cdk1 caused cells to enter mitosis with
unreplicated DNA and undergo mitotic
catastrophe (14). This suggests that, while
downregulation of Cdc25 and Cdk1 may be
responsible for adding a G2 phase and for the
observed change in cell cycle timing at the
MBT, similar to Drosophila, the mechanism
that causes S phase to get longer is different
and not dependent on Cdk1. Neither the
connection between the N/C ratio and the
lengthening of S phase, nor the connection
between the N/C ratio and the downregulation
of Cdc25 and Cdk1 is known in zebrafish.

Other connections

There are additional hints in the literature that
some of the mechanisms uncovered in
Drosophila may be important in the early
development of other organisms. For instance,
there is a suggestion that, in urochordate
embryos, transcription may change the length
of S phase and therefore introduce the first
asynchrony into the cell cycle (19).
Furthermore, there are suggestions that Cdk1
modulation of replication timing may occur in
mammalian systems as well, as tested in cell
culture (111). Additionally, specific
requirement for Chk1l kinase in early
embryogenesis extends all the way to
mammals (110), suggesting that this may be a
critically conserved component of slowing
embryonic cell cycles.

The MBT might not look the same in every
organism

There are numerous organisms that do not
seem to exhibit a classic MBT. However,
perhaps some of these organisms may retain
elements of the program, but in somewhat
differing contexts. For instance, in segmented
annelids and short germband insects, cells do
not all slow rapid cell cycles synchronously.
Instead, the posterior cells continue
proliferation and begin morphogenesis in a
protracted sequence. For instance, studies in
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the leech, Helobdella triserialis, have detailed
cell cycle slowing in a very different context
(5). The major slowing of the cell cycle that
can be observed in leech occurs during the
asymmetric divisions of the teloblast cells,
which produce the segmented ectodermal
structures. The teloblast cells are large and
divide rapidly and asymmetrically about once
an hour, with an 11 minute S phase and 21
minute G2. The large daughter of the division,
in a stem cell pattern, continues the rapid
teloblast cell cycle program. The much smaller
daughter, however, is called a primary blast
cell and has a very different cell cycle—a 4.7
hour S phase and a 16—28 hour G2 (5). Thus,
these smaller cells exhibit a dramatic
extension of S phase and acquisition of a long
G2, in conjunction with a massive upregulation
in zygotic transcription, like the cycle 14 cells
of a Drosophila embryo. This cell cycle
slowing and transcriptional activation are
viewed as representing the parallel with the
MBT in leeches (4, 5). Because the change
occurs repeatedly in a continuing lineage, the
regulation—especially its connection with
timing—differs  markedly from that in
Drosophila. Nonetheless, these changes have
a striking association with the abrupt change
in N/C that occurs with the birth of the small
blast cell. Thus, even if the MBT is not always
a synchronous, embryo-wide event, it may
nonetheless retain a fundamental input from
N/C and exhibit similar changes in cell cycle
phases to prolong the cycle.

Mammalian embryos are also often viewed as
not having an MBT, due to their initially slow
cycles upon fertilization. However, a broader
consideration of chordates, suggests that the
rapid early cycles and abrupt slowing of the
cycle in association with gastrulation is
widespread. It is seen in the proto-chordates
such as Ciona, as well as in fish, amphibians
and birds. Did it suddenly disappear in parallel
with the late evolution of eutharian
development, or was it changed in ways that



make it less recognizable? The early stages of
mammalian development cannot be compared
to the development of even relatively close
non-mammalian vertebrates because new
steps were added at the beginning of
development to generate the extra-embryonic
tissues that are a central feature of
mammalian development. This insertion into
early development displaced gastrulation and
its associated processes to a later time; at
gastrulation and afterward, many features of
gene expression and mammalian
morphogenesis can be compared to other
vertebrates (82). Exceedingly rapid cell cycles
occur just prior to gastrulation in mammals
(65, 100), and several features argue that
these rapid cycles represent the evolutionary
vestige of the pre-MBT cycles, and that
slowing of the cycle at gastrulation may have
parallels to the MBT (82). But just as we have
seen in other organisms, the regulation of
MBT-associated events is likely to have
changed in conjunction with the evolution of
mammalian program of early development.
One type of change stands out. In externally
developing eggs, the transition from maternal
control to zygotic control is more or less
coincident with the slowing of the cell cycle,
but the mammalian embryo transitions to
dependence on zygotic gene expression
during the early cleavage cycles before it
begins to generate the extra-embryonic
tissues, and long before gastrulation (80).
Nonetheless, after completion of the uniquely
eutherian early program, onset of expression
of particular zygotic genes, independent of
zygotic genome activation, could generate
conditions that recapitulate the pre-
gastrulation programs that are part of the
legacy imprinted on metazoan development
over hundreds of millions of years of evolution.
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Summary Points

1. In early development, many embryos exhibit
a period of rapid cell division, enabled by a
modified cell cycle with an unusually rapid S
phase and a lack of gap phases.

2.In Drosophila, the cell cycle first slows
gradually, as late replicating sequences
begin to delay replication slightly,
lengthening S phase and triggering the DNA
replication checkpoint, which delays entry
into mitosis.

3. Upon achieving a particular N/C ratio, in a
transcription-dependent process, the
Drosophila  embryo  actively triggers
inhibition of Cdk1 via destruction of the
Cdc25 isoform Twine, elimination of cdc25
mRNAs, and transcription of a CDK
inhibitor, friihstart.

4. This inhibition of Cdk1 triggers the cell cycle
slowing at the MBT—late replicating
sequences begin to delay replication
significantly and a G2 gap phase is
introduced where cells now depend on the
transcription of cdc25 in order to enter
mitosis.

5.1t is not fully clear how the embryo
determines when to initiate this program to
inhibit Cdk1, but we propose that the best
current model is that transcription of specific
zygotic transcripts times it, and thus links
the process to the major activation of the
Drosophila genome in cycles 13 and 14.




6.

A number of other changes in the embryo,
including the onset of morphogenesis are
timed by an unknown mechanism other than
the N/C ratio.

Future Issues

1.

How does the Drosophila embryo detect the
N/C ratio and transduce it into a change in
transcriptional activity?

. What are the many mechanisms that trigger

the onset of zygotic transcription?

. Does transcription truly time the changes to

the cell cycle at the MBT, or is it merely
permissive?

. How does Cdk1 activity affect the timing of

late replicating sequences?
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Definitions

morphogenesis: biological processes that
cause an organism to take its shape, including
cell shape changes and cell movements

mid-blastula transition (MBT): a change in
the cell cycle in early embryos where
specialized synchronous rapid cycles slow
down and become asynchronous

syncytium: in embryology, a large cytoplasm
shared by many nuclei, which is a common
developmental paradigm used in insects

cytokinesis: division of the cytoplasm by
plasma membrane at the end of mitosis,
separating the cell into two daughters

gap phases: phases of the cell cycle where
cells wait before beginning replication (G1) or
before entering mitosis (G2)

S phase: the phase of the cell cycle during
which the DNA is replicated

blastoderm: the region of the egg that will
give rise to embryonic tissues. In Drosophila, a
shell of nuclei surrounding the yolk.

cellularization: the process of dividing the

syncytial cytoplasm into many cells and
enveloping each nucleus in its own cell
membrane

gastrulation: the process of cell

internalization that converts the single-layered
blastula into the gastrula, with three different
germ layers

maternal-zygotic transition (MZT): the
switch of developmental control from maternal
gene products to zygotic gene products,
defined either by functional requirements or
zygotic transcription
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zygotic genome activation (ZGA): the stage
when significant levels of transcription are
observed from the initially relatively quiescent
zygotic genome

replication origin: genomic location where
DNA replication will begin by building a
replication fork; “licensed” by assembling pre-
replication complexes on the DNA prior to
replication

euchromatin: DNA (or chromatin) that is
generally not compacted, except during
mitosis, and which can be transcriptionally
active

heterochromatin: DNA (or chromatin) that is
often compacted during interphase, tends to
be transcriptionally silent, and is bound by
heterochromatin-binding proteins

aphidicolin: a reversible inhibitor of
eukaryotic nuclear DNA replication that slows
or stalls the progress of DNA polymerase

pre-replication complex: a protein complex
formed on origins that, after maturation
through additional protein recruitment, will
subsequently direct assembly of replication
forks and initiation of replication

CKIl: a cyclin-dependent kinase inhibitor—a
protein that bind to specific Cdks or cyclin:Cdk
complexes and inhibits their activity

alpha-amanitin: a drug used to inhibit RNA
polymerase Il (which is most sensitive to it)
and thus transcription of mRNAs

Diptera: the order of insects characterized by
having two wings that includes flies,
mosquitos, gnats, and midges, among others

Eutharia: the considerably larger clade of
mammals that includes the placental
mammals (versus the Metatheria which is
predominantly marsupials)





