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Highlights 
• Inhibitors of Cyclin:Cdk1 rise and activators fall to slow embryonic cell cycles at the MBT 
• Downregulation of Cyclin:Cdk1 first prolongs S phase, then introduces a G2 phase 
• Following the MBT, further changes in cell cycle regulators introduce a G1 phase 
	  
Abstract 
At the Mid-Blastula Transition (MBT), externally developing embryos refocus from increasing cell 
number to elaboration of the body plan. Studies in Drosophila reveal a sequence of changes in 
regulators of Cyclin:Cdk1 that increasingly restricts the activity of this cell cycle kinase to slow cell 
cycles during early embryogenesis. By reviewing these events, we provide an outline of the 
mechanisms slowing the cell cycle at and around the time of MBT. The perspectives developed 
should provide a guiding paradigm for the study of other MBT changes as the embryo transits from 
maternal control to a regulatory program centered on the expression of zygotic genes. 
  



Unusual biology at the normal beginning of animal life 
We are the weird ones. As mammals, we are part of a small, late-evolved clade of organisms that 
have adopted a derived program of early embryogenesis. Unlike us, the vast majority of existing 
animals and our ancestors are oviparous: that is, they lay eggs and embryogenesis takes place 
externally. Importantly, this external development takes place without available nutrients other than 
those provided in the egg. This restriction necessitates the “big egg” program in which the egg is 
loaded with everything needed to fund the development of a feeding-competent organism [1]. Thus, 
eggs are huge cells, but unlike other huge cells, the egg is limited to a post-fertilization diploid content 
of DNA, which does not have a transcriptional capacity sufficient to make rapid adjustments in the 
RNAs contained in the massive cytoplasm of the egg [2, 3]. This limitation cripples the impact of 
transcriptional regulation, a dominant player in the control circuits of normally proportioned cells. 
Consequently, the egg relies on alternative ways to regulate early events. The mother not only loads 
the embryo with nutrients needed for development, it also loads the embryo with the components of a 
pre-arranged regulatory program that uses post-transcriptional mechanisms to regulate the early 
events of embryogenesis. It is this distortion of usual biology that makes the early embryo so unusual, 
and it is the reversal of the unusual program of early development that is at the foundation of the mid-
blastula transition, or MBT. 
 
Changing the underpinnings of biology 
Before transiting to a more normal program of development, the egg needs to normalize the coding 
capacity of its genome with the cytoplasm under its jurisdiction. It does so by mitotic cycles that 
amplify the number of nuclei without the doubling of the cytoplasm that usually accompanies growth 
of other proliferating cells. In a wide range of organisms, these embryonic cell cycles are exceptional: 
they run without transcriptional inputs, they are exceedingly fast, and they lack the gap phases that 
usually separate DNA synthesis and mitosis. These features are departures from a canonical cell 
cycle program that is widely conserved among eukaryotes (Figure 1). This review will focus on the 
reintroduction of cell cycle controls at the MBT in Drosophila. While not discussed here, mammalian 
embryogenesis in its protected and nutritious uterine environment is derived from the ancestral 
programs discussed here [1, 4]. 
 
 

Figure 1.  The 
coordination of 
early embryonic 
cell cycle changes 
with development. 
As illustrated 
schematically, the 
cell cycle acquires 
gap phases in two 
distinct steps as 
embryogenesis 
progresses. 
Separate 
introduction of the 
gap phases 
apparently follows 
from the fact that 
the programs 
controlling G1 and G2 are different, and each requires distinct regulatory modifications. The central bar is a 
linear representation of the progression of cell cycle phases through the successive cycles of early 
development. The associated labels and images illustrate the coordination of the cell cycle timeline with 
developmental events as described in detail in box 1 and summarized briefly in the text. 
 



Embryogenesis in Drosophila melanogaster is fast, and tightly orchestrated. Abandoned in rotting fruit, 
the 10 µg ovoid fly egg generates an independent larva with complex anatomy in a single day. The 
early rapid mitotic cycles (cycles 2-9) are periodic (~9min each), synchronous and lack cytokinesis so 
that the nuclei proliferate in a syncytial cytoplasm. These mitotic cycles produce a cortical shell of 500 
nuclei called the blastoderm. The blastoderm nuclei continue to divide rapidly and in near synchrony 
for four additional cycles (cycles 10-13) that slow incrementally and progressively, to a cycle time of 
~21 min (interphase plus mitosis) by cycle 13 (see Figure 1 and Box 1 for details)	  [5]. These 
blastoderm cycles present a marvelous experimental system because the single cortical layer of 
nuclei can be imaged beautifully in real time, and the entirety of the syncytial embryo is accessible to 
injected markers such as fluorescent proteins, or experimental reagents including RNAi. 
 
Box 1:  Early embryonic cell cycle events. After a specialized first-cycle in which the male and female 
pronuclei are combined (brown in the timeline of Fig. 1), the nuclei undergo extremely rapid mitotic cycles. 
These synchronous 9 min cycles are unusual in their regulation and physical circumstances. Nuclei alternate 
between mitosis (~5.4 min) and S phase (~3.4 min) without intervening gap phases. These mitotic cycles occur 
without cytokinesis, amplifying nuclei within the large egg cytoplasm as a syncytium. Despite the lack of 
cellular separation, the organization of the nuclei is stereotyped and dynamic, with a precise temporal program. 
After 6 divisions deep within the cytoplasm toward the anterior of the embryo where the polar bodies first met, 
the nuclei spread toward the posterior (bottom left diagram of Fig.1). Toward the completion of each of the 
subsequent mitoses, the now well-spaced nuclei move outward, reaching the surface at cycle 9. Some 
specialization of nuclei is already evident. About 100 nuclei don’t make the journey to surface. These nuclei, 
called yolk nuclei, soon lose their centrosomes and fail at subsequent mitoses, but continue to replicate, 
becoming polyploid in the process. These nuclei, which have no established contribution to embryogenesis, 
remain with the central yolky cytoplasm and eventually are lost. Among the nuclei reaching the surface, a few 
enter a specialized region of cortical cytoplasm at the posterior pole of the egg, which programs them to 
become the future germline. These nuclei are partially surrounded in membrane in especially prominent 
protruding cytoplasmic buds [6]. These buds are pinched off as separate cells in conjunction with their tenth 
mitosis. The majority of nuclei form a well-spaced array near the surface of the embryo called the blastoderm. 
Here, they continue rapid mitotic cycles, now in “metasynchrony” so that nuclei toward the poles of the embryo 
are slightly more advanced and a “wave” of mitotic entry can be seen to spread from the poles to the center of 
the embryo. For four cycles (10-13) these blastoderm nuclei slow incrementally and progressively so that cycle 
13 is 21 min long. Although there are preparatory events leading to the MBT and an ensuing progression of 
“MBT” events, the completion of mitosis 13 and entry into cycle 14 is generally taken as the time marking the 
MBT (see BOX 2). All of the events through the completion of mitosis 13 can occur in the absence of 
transcription. Transcription levels are low during these early cell cycles, nonetheless a cascade of expression 
of important regulatory genes sets the stage for sex determination and morphogenesis [2, 7, 8]. 
 
Mitosis 13 and transition to cycle 14 is usually taken as the time of the MBT [2, 9, 10]. This is 
somewhat of an oversimplification since the transition is a progressive process with aspects starting 
before cycle 14 and others continuing beyond cycle 14	  [11, 12]. Nonetheless, cell cycle 14 is marked 
by major changes (see BOX 2). Importantly, the cell cycle is greatly prolonged, a G2 phase is 
introduced, and cell membrane ingresses to surround each cortical nucleus. The resulting cellular 
monolayer begins the morphogenetic movements that shape the embryo during gastrulation (Figure 
1). Transcription is greatly increased and cycle 14 is also a time at which many but certainly not all 
maternally provided gene products are eliminated [13, 14].   
 
Timing Early Development 
Descriptions of the MBT in frog from 34 years ago established a framework that still influences ideas 
about its timing during early embryogenesis [15, 16]. The MBT was initially argued to be a single 
transition triggered at a unique time. This highlighted the question—what is the timer? Early cycles 
increase the number of nuclei without increasing the cytoplasm, hence exponentially increasing the 
nuclear to cytoplasmic ratio (N/C), a potential temporal signal. Manipulations of N/C showed that this 
parameter has a major impact on MBT timing [10, 11, 17-19]. Ideas about embryonic timing of the 



MBT have been dominated by a suggestion that the increasing DNA might titrate an unknown 
maternally provided component whose depletion triggers the transition. 
 
It has, however, long been clear that modeling early embryonic timing as a single transition is an 
inaccurate presentation of early embryogenesis. Embryogenesis is accurately stereotyped in time and 
space. Though dramatic morphogenetic events are deferred until after the MBT, the early stages still 
feature numerous developmental events and these follow a precise schedule (see Box 1 for 
description). In addition to the cell biological events, many molecular changes mark a temporally 
complex and precisely coordinated progression of early embryonic development [8, 13, 14, 20-22]. 
These observations show that time is incrementally differentiated throughout early stages, and that an 
alarm mechanism that times a single transition would not provide a sufficient explanation for the 
temporal control of early embryogenesis. Apparently, there is a more sophisticated clock or the 
progression itself encrypts temporal information. 
 
BOX 2:  Key transformations at the MBT. At the end of cycle 13 the embryo has entered the MBT. The 
approximately 8000 nuclei exit mitosis 13 and enter S phase 14, which lasts at least 50 minutes, roughly 40 
min longer than the previous S phase. This abrupt extension of S phase occurs as a result of the delayed 
replication time of heterochromatic regions of the genome. This extension of S phase plays roles in a second 
change in the cell cycle, the introduction of a G2. Downregulation of the mitotic activator Cdc25 occurs during 
this S phase, and S phase, apparently acting via checkpoint pathways, restrains the cell cycle until this 
downregulation has taken effect. If S phase is experimentally bypassed or shortened, the embryo undergoes 
another rapid and synchronous division that lacks a G2	  [23, 24]. If the S phase checkpoint is compromised by 
mutation, the embryo similarly enters a premature synchronous mitosis	  [25, 26]. Downregulation of Cdc25 
activity involves elimination of the maternal RNAs from two genes, string and twine, as well as abrupt 
destruction of Twine protein in cycle 14. The elimination of Twine protein plays a critical role during the onset of 
cell cycle slowing specifically in cycle 14	  [24].   
 
The MBT represents a gene expression revolution for the embryo. During cycle 13/14, many zygotic genes 
become transcribed for the first time, and many maternal products are selectively destroyed	  [13, 14]. Many 
other major developmental processes are initiated in cycle 14, the first relatively long cycle. The plasma 
membrane invaginates to surround individual nuclei in a process termed cellularization that takes about an 
hour to complete. Cellularization fully encloses the nuclei shortly after the cells enter G2, at which point, 
dramatic cell movements and epithelial folding reshape the embryo as gastrulation begins. Only then do the 
newly formed cycle 14 cells enter mitosis, and they do so in a patterned manner that depends on the 
transcription of the zygotic gene string. This string dependent mitosis is the first division in the embryo requiring 
a zygotic gene product	  [27]. Mitoses 14, 15 and 16 are each induced by pulses of string gene expression	  [12]. 
The still missing G1 phase of the cell cycle is not introduced until cycle 17.  
 
Cell cycles, particularly mitosis and cytokinesis, can be very disruptive. Indeed, induction of premature mitoses 
interferes with cellular events during gastrulation and leads to abortion of ongoing nascent transcripts	  [28], a 
setback that has a negative effect on the expression of long transcripts. Thus, the addition of more time to 
interphase in cycle 14 is crucial to numerous MBT and gastrulation processes, including increased gene 
expression, cellularization, cell shape changes, cell movements, and tissue folding. For example, experimental 
manipulations or mutations that cause a premature mitosis 14 disrupt ongoing cellularization and ventral furrow 
formation	  [24].   
 
Justifying a Focus on Cell Cycle Slowing at the MBT 
The early descriptions of the MBT suggested that it was a single transition at which multiple things 
change—the cell cycle slows, transcription is activated and the embryo transits from maternal to 
zygotic control. Beyond the fact that all these events occur over a short period of development, the 
justification for aggregating these events as a single transition was based on the idea that they are 
similarly regulated by the rising N/C. However, as we look with more temporal resolution, the 
signature events of the MBT are not coincident but progressive and influenced by a succession of 
inputs. For example, while there is an increase of transcription at the MBT, a cascade of 



transcriptional regulation occurs prior to the MBT [14]. Thus, transcription per se does not await the 
MBT [11, 29, 30]. Furthermore, the influence of N/C ratio on the timing of expression of specific genes 
is very heterogeneous: some show marked changes in response to alteration of nuclear DNA content 
while others do not, and those that are sensitive to N/C ratio do not turn on expression as a coherent 
group at one time, but activate according to individual schedules during the progressive changes that 
mark the MBT [10, 31, 32]. Thus, while changes such as increased phosphorylation of the C-terminal 
domain of RNA polymerase [33] suggest changes in transcriptional machinery at the MBT, because 
regulation is complex with individual genes differing in timing of activation and response to change in 
N/C, activation of zygotic gene expression should not be viewed as a coherent switch.  
   
In Drosophila, the development of haploid embryos revealed the consequence of halving the amount 
of DNA per nucleus [11]. The outcome is often summarized saying that the haploid embryos undergo 
fifteen cell cycles before cellularization instead of the normal fourteen—a statement suggesting clear 
support that N/C controls the MBT. However, the cited paper describes development carefully and 
reported that haploid embryos begin to cellularize in cycle 14, as do normal diploid embryos. This 
promptly initiated cellularization is interrupted by an extra syncytial mitosis in the haploid embryos so 
that it is only completed in the next cell cycle. Thus, the lower N/C of haploid embryos did not delay 
onset of cellularization but resulted in an additional rapid cell cycle. This seminal paper also pointed 
out that transcription was not delayed in parallel with deferral of cell cycle slowing. From this work, we 
suggest that N/C does regulate cell cycle slowing, but its impact on other MBT events might be 
secondary or at least complex. Indeed, although the simple interpretation tends to be retained, recent 
data from genome wide studies of the onset of transcription support the suggested complexity of 
transcriptional activation [10, 14, 17, 31]. 
 
Other experimental manipulations uncouple some MBT events from N/C. When Cdk1 was 
prematurely downregulated in cycles 11, 12 or 13 by injection of dsRNA targeting all three mitotic 
cyclins, the mitotic cycle arrested. Nonetheless, the embryos went on to cellularize [29]. Thus, when 
Cdk1 was downregulated, everything needed for this post-MBT event occurred without reaching the 
N/C ratio of cycle 14 embryo. Reciprocally, embryos lacking two cell cycle checkpoint functions, 
Chk1/Grapes and Chk2/Loki, fail to slow down their cell cycle in cycle 14, but they nonetheless 
activate the transcriptional program characteristic of the post-MBT embryo [34]. Given the lack of 
concordance in the regulation of different processes upon perturbation, they are not obligatorily co-
regulated. Apparently, their normal coordination relies on coupling via secondary regulation rather 
than induction by a common process. In this context, it might prove profitable to first focus on the 
regulation of one MBT event and then consider how coordination is achieved. 
 
S phase duration as a timer 
Usually the cell cycle is timed at transitions from G1 into S phase or G2 into mitosis. However, in the 
absence of gap phases, the progressive slowing of cell cycles 10-13 must have a different basis. The 
key factor is S phase duration. While we are only beginning to understand how it is regulated, S 
phase duration changes about 100 fold during development and about 15 fold between the early 
rapid cycles and the first post-MBT S phase (S phase 14) [35-38]. The slowing arises from a feature 
of S phase that is not widely appreciated. In normal cell cycles, different regions of the genome 
replicate at different times, and this sequential replication takes a long time. The deferred replication 
of some sequences is called late replication [39], although the schedule is more elaborate than a 
simple division into early and late. Various heterochromatic sequences typically exhibit different 
degrees of deferred replication [36, 40]. However, like almost everything else, this aspect of normal 
biology is not followed in the early cycles, where many features of heterochromatin including late 
replication are not evident	  [41]. In early cycles, replication starts synchronously at many closely 
spaced origins to rapidly duplicate the entire genome [35]. Incremental slowing of the cycle is due to 
gradual introduction of delays in the initiation of replication of various blocks of satellite sequence, 



which are usually constitutively heterochromatic [36, 40].  	  
	  
Mutant phenotypes provided the initial evidence for the importance of S phase duration [25, 26]. 
Ongoing replication activates a checkpoint that prevents progression to mitosis. In normal cycles that 
have a temporal leeway between S phase and mitosis, the G2 phase, this S phase checkpoint is 
dispensable unless replication is disrupted [42]. However, lacking a G2, the early embryonic cycles 
rely on this checkpoint mechanism to coordinate entry into mitosis with the gradually extending S 
phase. In checkpoint mutants, cells of the blastoderm embryo enter mitosis prematurely, and by cycle 
13, an unmanageable catastrophe occurs as cells try to separate incompletely duplicated 
chromosomes at mitosis. This shows that the checkpoint is used during these cycles to couple overall 
cell cycle progress to the time it takes to replicate the genome. 
 
In a direct test of its importance, S phase was deleted. Deleting S phase is different than blocking 
DNA replication. A block to replication induces the checkpoint and delays the cycle [43], while 
deletion of S phase fails to provoke an alarm [23]. To delete S phase, geminin, an inhibitor of the 
licensing process that prepares origins of replication for a round of replication, was injected into 
embryos. In the cycle following geminin injection, origins lack the factors that trigger initiation of 
replication, and they also fail to signal to the cell that there is anything that is supposed to be 
replicated. Without sensing a problem, the cell cycle progresses to mitosis as soon as it is ready, and 
it executes a peculiar mitosis with unreplicated chromosomes. When S phase is deleted in this way, 
pre-MBT embryos enter mitosis prematurely, while post-MBT embryos enter mitosis with normal 
developmentally programed timing [23]. This finding shows a change in the mechanism pacing cell 
cycle progress at the MBT: prior to the MBT, completing S phase is rate limiting, while afterward new 
types of temporal control limit cell cycle progress. 
 
Following incremental changes leading up to the MBT, a major jump in S phase duration (to about 50 
min) in cell cycle 14 is the first step toward normalizing the cell cycle at the MBT. The importance of 
this extended S phase to this transition was demonstrated by deleting or shortening it—treatments 
that led to an extra rapid synchronous cycle [23, 24]. Apparently, lengthening of S phase 14 provides 
a period of time during which cell cycle control is remodeled to introduce a G2 and the first zygotic 
control of cell cycle progression [2, 44]. 
 
Down regulation of the mitotic kinase is a leading event in the MBT 
Befitting its dedication to amplification of the number of nuclei, the early embryo has abundant 
maternal supplies of RNA and protein for the components activating mitotic progression: Cyclins, 
Cdk1, and two isoforms of the Cdk1 activating phosphatase, Cdc25, encoded by the twine and string 
genes [45-47]. Indeed, these are so abundant that one continuing puzzle about the early cycles is 
how they exit mitosis and sustain an interphase long enough to replicate their DNA (Box 3). But they 
do, and in each successive blastoderm mitotic cycle the activators of Cdk1 are progressively reduced 
as if in preparation for the MBT—mitotic destruction of Cyclins becomes more thorough [45], 
Cdc25/String phosphatase virtually disappears [46], and there is evidence for increasing activation of 
the checkpoint pathway that acts through a kinase cascade to inhibit Cdk1 by inhibitory 
phosphorylation [48-50]. These changes, though not completely effective in inhibiting Cyclin:Cdk1, 
appear to set the stage for the MBT (Figure 2 and Box 3). 
 
Manipulations of the gene dose of Cdk1 activators suggest that levels of Cdc25 and Cyclins influence 
the timing of the MBT [24, 45, 46]. The dose of maternal Twine has a particularly strong effect (Box 3). 
Twine protein is abruptly destabilized a few minutes into cycle 14 and the Twine RNA is degraded 
shortly later [46, 47, 51]. If downregulation of Twine is experimentally overridden, embryos undergo a 
short S phase 14 followed by an additional syncytial mitosis. Reciprocally, experimental 
downregulation of Cdk1 in early cycles prolongs S phase, suggesting that this activity is responsible 
for the unusual speed of DNA replication in early S phases. Thus, the so-called ‘mitotic kinase’ has an 



S phase accelerating function, and downregulation of its activator at the MBT is required for the 
transition to a longer S phase [24, 47]. 
 
There appears to be different phases in the downregulation of Cdk1—gradual diminishing Cdk1 
activity sets the stage for an abrupt suppression of Cdk1 upon Twine destruction, an event that is 
reinforced by zygotic expression of a Cdk1 inhibitor, Fruhstart [52].  A variety of genetic and 
experimental manipulations support the conclusion that downregulation of this central cell cycle 
kinase underlies the slowing of the cell cycle at the MBT (Box 3).  
 
Figure 2.  Regulatory 
processes impinging on 
Cdk1 kinase activity.  
The active form of Cdk1 (in 
amber oval) has a Cyclin 
partner, the activating 
phosphate on the T161 of 
its T-loop, and is not 
modified at the inhibitory 
sites T14 and Y15 whose 
phosphorylation occludes 
ATP from the catalytic 
center. Production of this 
active form is promoted by 
the production of Cyclin, 
the addition of the 
activating phosphate by 
Cyclin:Cdk Activating 
Kinase (CAK), and the Cdc25 dual specificity phosphatase that removes the inhibitory phosphates. Its activity 
is suppressed by the Wee1 and Myt1 kinases that add inhibitory phosphates, and by destruction of its Cyclin 
partner in an APC/C stimulated reaction at mitotic exit. Additionally, other important regulators govern the 
activity of these primary regulators. Protein Phosphatase 2A:B55 (PP2A) counters the action of Cdk1 by 
removing phosphates from its substrates, and we hypothesis that this phosphatase also removes the activating 
phosphate from Cdk1 to downregulate its activity. Additionally, the checkpoint kinase Chk1 modulates the 
activity of the Wee1 kinase and Cdc25 phosphatase to indirectly inhibit activation of Cyclin:Cdk1. 
 
BOX 3:  Bringing Cdk1 under control at the MBT. 
The activity of the key cell cycle kinase, Cdk1, is famously regulated by association with its Cyclin subunit 
whose mitotic destruction triggers exit from mitosis. However, because Cyclins re-accumulate in interphase, 
additional regulation is needed (Figure 2). In most cell cycles, as new Cyclin:Cdk complexes are formed in 
interphase, they are inactivated by inhibitory phosphorylation (T14, Y15) by the Wee-type kinases. At the 
propitious moment, switch-like Cdc25-mediated dephosphorylation activates preformed Cyclin:Cdk complexes 
to trigger mitosis [53]. However, Cdc25 is abundant in pre-MBT embryos, and little inhibitory phosphate 
accumulates on Cdk1. Other factors seem to sustain interphase: loss of an Cdk1 activating phosphate (T161) 
[45], exclusion of Cyclin:Cdk1 from the nucleus [54, 55], and reversal of Cdk1 actions by the PP2A:B55 
phosphatase which is selectively active in interphase [56].     
 
As embryos approach the MBT, the high interphase activity of Cdk1 declines in coordination with N/C and in 
conjunction with changes in Cdk1 regulators. Cyclins A and B levels first exhibit detectable though slight 
oscillation in cycle 8. Increasing anaphase declines in these Cyclins suggest a progressive increase in APC/C-
mediated degradation in successive mitoses [45]. Since it is the Cyclin associated with mitotic spindles that is 
degraded [55], the increase in nuclear number might drive increasing destruction. Starting at about cycle 11, 
Chk1/Grapes increasingly delays mitosis as if this checkpoint kinase is increasingly active [48, 50]. Although 
not directly measured in Drosophila, increasing DNA in a Xenopus mitotic extract increases Chk1 activation, 
and Chk1 activity emerges as frog embryos approach the MBT [57, 58]. The checkpoint activator, ATR, is itself 
activated by DNA damage, which might increase with the total DNA being replicated [59]. Finally, Cdc25/String 



level peaks at cycle 10 and then declines to low levels during cycles 11 to 13, a decrease that sensitizes the 
embryo to later loss of Cdc25/Twine (BOX4). 
 
Genetic manipulations of maternally contributed Cdk1 regulators show their importance to MBT timing. A 
reduced dose of maternal Cdc25 resulted in premature MBT, while an increased dose of Cdc25/Twine delayed 
cellularization to cycle 15 in some embryos [46]. Similarly, some embryos with reduced Cyclin cellularize a cell 
cycle early [45]. Finally, embryos lacking Chk1 function fail to properly slow blastoderm cell cycles or execute 
the MBT [25, 26]. Thus, all three of these Cyclin:Cdk1 regulators influence MBT timing. If they act through 
Cdk1, manipulations in one regulator might compensate for defects in another. Indeed, reduction in Cyclin 
suppresses checkpoint mutants [60, 61].  
 
The blastoderm reductions in Cdk1 activity are gradual, giving the appearance of progressive titration. This is 
followed by a more abrupt change in early cycle 14 when Cdc25/Twine is destabilized [47, 51]. If this decline of 
Cdc25/Twine is overridden by injection of mRNA, S phase is shortened and G2 eliminated. Thus, MBT 
requires decline of Cdc25/Twine [24]. Other events in cycle 14 appear to synergize with Twine reduction to 
suppress Cdk1, including the zygotic expression of the Cdk inhibitor, Fruhstart [46, 52].    
 
Cell cycle slowing following the MBT 
Upon elimination of the maternally provided activator of mitosis, Cdc25 phosphatase, two inhibitory 
kinases, Wee1 and Myt1, stifle the activity of Cyclin:Cdk1 and stall cell cycle progression after S 
phase 14, creating the G2 [44, 45, 49, 62]. Cells only re-enter mitosis when triggered by a 
transcriptional input giving new expression of Cdc25/String [27]. This expression occurs in temporally-
regulated pulses whose timing defines the spatially programmed schedule of mitoses 14 [12, 27, 63]. 
This is the first transcriptional requirement for cell cycle progression during development (Figure 1), 
and it provides a paradigm for the maternal to zygotic transition (MZT), when control of a process 
switches from maternal to zygotic regulation.   
 
While the MZT is often discussed as an embryo wide event, the schedule and steps leading to loss of 
maternal gene function vary from gene to gene. Hence different processes and different cell cycle 
events undergo an MZT at different times. The complexity of the MZT is well illustrated by the loss of 
the maternal contributions of different cell cycle regulators (BOX 4). 
 
 After three G2 regulated cell cycles (14, 15 and 16), cells enter the first G1 phase after mitosis 16 
(Figure 1). Preparations for the onset of G1 begin in the earlier cycles. In cycle 15, a DNA-replication 
coupled destruction mechanism downregulates E2F1, a transcriptional factor that promotes S phase 
[64]. In cycle 16, a key S phase promoting Cyclin—Cyclin E—is downregulated, and two important 
inhibitors of S phase, the Cyclin E/Cdk2 inhibitor Dacapo and the APC/C activator Cdh1/Fizzy-related, 
accumulate in cell cycle 16 [65-67]. Consequently, following mitosis 16, cells enter interphase 17 
without the wherewithal to immediately begin S phase and arrest in G1. Thus, like the earlier 
introduction of the G2 phase, introduction of G1 involves several changes that retool operation of 
central cell cycle mechanisms. Together, multiple regulatory changes contribute to slowing of the 
early embryonic cycles and these occur in a stereotyped developmental progression over time. 
 
BOX 4:  How the cell cycle transits from maternal to zygotic control. Many maternally supplied mRNAs 
are eliminated near the time of the MBT but with timing that varies from gene to gene [13]. The consequence of 
mRNA loss awaits decay of the protein, and even then will have no immediately relevance if the gene product 
is not needed at the time of its disappearance. Finally, replacement by zygotic expression can mask loss of 
maternal function [10]. Several maternal RNAs encoding cell cycle regulators disappear at the MBT with 
different consequences exemplifying these various factors.   
 
Decay of Cdc25 activity: 
Early mitotic cycles proceed independently of zygotic gene expression. Cycle 14 is the first cycle to depend on 
gene expression, and the only zygotic factor needed is the Cdc25 phosphatase. The disappearance of 
maternal Cdc25 (both String and Twine) creates this zygotic dependence and underlies the switch to zygotic 



dependence (MZT) for control of the cell cycle. The string RNA disappears within the first few minutes of cell 
cycle 14. The association of this disappearance with the time of the MBT attracted early attention [68]. 
However, the String protein declines earlier and is extremely low at the time of the MBT [45]. Furthermore, 
early knockdown of string RNA by RNAi does not influence cell cycle progression [47]. Thus, inactivation of 
maternally provided String is required, but the abrupt destruction of its RNA early in cycle 14 is less crucial 
than once thought.  
 
The early decline in Cdc25/String has little immediate consequence because Cdc25/Twine remains [47]. Twine 
mRNA is also degraded in cell cycle 14, but after the MBT, too late to be the key factor in the prolongation of S 
phase 14 [46]. Furthermore, simultaneous RNAi knockdown of string and twine RNAs prior to MBT neither 
substantially reduced Twine protein, nor advanced cell cycle slowing [47], suggesting that Twine protein is 
relatively stable during early divisions, and that the abrupt destabilization of Twine in early cycle 14 is the event 
coordinated with the prolongation of the cell cycle [47, 51].   
 
Decay of mitotic Cyclins 
Abundant maternal supplies of RNA sustain a dynamic pool of the three mitotic Cyclins, Cyclin A, Cyclin B, and 
Cyclin B3. Early knockdown of these RNAs rapidly arrests syncytial cycles in an interphase state [29].  
Maternal Cyclin RNAs disappear in cell cycle 14, but zygotic expression appears to immediately replace these 
RNA in all cells of the embryo, and this expression does not provide spatial and temporal programming 
information [69, 70]. 
 
Installation of the S phase Cyclin 
Cyclin E triggers G1 cells to progress into S phase. It is ubiquitously present until just before the appearance of 
the G1 phase following mitosis 16. While Cyclin E mRNA is lost during cell cycle 14, it is replaced by zygotic 
expression [71]. However, there appears to be no immediate consequence of its disappearance as embryos 
lacking a zygotic copy of cyclin E progress to G1 of cell cycle 17 before exhibiting a defect. While persistence 
of the protein might explain the delayed phenotype, antibody staining suggests that Cyclin E declines rapidly 
[72], and a zygotic cyclin E phenotype was observed in cycle 14 upon inhibition of other Cyclins [73]. Thus, it 
seems likely that Cyclin E is dispensable during the early cell cycles of Drosophila (Sprenger et al., 1997), and 
that appearance of a phenotype in cycle 17 is the result of other changes in cell cycle regulators that introduce 
a G1 and simultaneously create a context in which Cyclin E is indispensable.    
 
Cell cycle slowing at the MBT and the N/C 
As described above, cell cycle slowing at the MBT is coupled with downregulation of Cyclin:Cdk1 and 
a resulting extension of S phase due to onset of late replication. As outlined above and detailed in 
Box 3, a progression of changes in Cdk1 regulators impinge on this downregulation. Since the 
destruction of Twine is delayed until cycle 15 in a haploid embryo, one or more of the steps leading to 
this destruction is apparently coupled to N/C and arguments have been advanced for more than one 
possible influence of nuclear density.   
 
The progressive increase in mitotic Cyclin destruction, which occurs in association with spindle 
structures, suggests that increasing nuclei promotes increasing Cyclin destruction. A small fraction of 
the embryos from mothers that are heterozygous for both cyclin A and cyclin B mutations undergo 
MBT a cycle early [45]. This dose dependence shows that MBT timing is sensitive to Cyclin levels, 
suggesting that the increasing decline of Cyclins during the blastoderm cycles impacts the timing of 
MBT. 
 
DNA dependent activation of the S phase checkpoint also appears to have timing inputs. The 
checkpoint activating kinase, ATR/Mei-41, is activated by DNA—particularly DNA with interruptions 
coated by single stranded DNA binding protein [59]. In Xenopus Chk1 kinase activity increases in the 
final cycles before the MBT, and addition of increasing DNA levels to a mitotic extract system 
promoted checkpoint activation [58]. Recent work in Drosophila described binding of RNA 
polymerase to DNA in cycle 13, and suggested a model in which these transcription complexes 
interfere with replication forks and activate the checkpoint [74]. Although more complex than simply 



assessing the N/C ratio, the proposed model accounts for several subtle features of DNA dose effects 
on cell cycle slowing. 
 
The various observations suggest that a sequence of regulatory changes synergizes to reduce Cdk1 
kinase activity and slow the cell cycle at the MBT (Figure 2). Cyclin destruction and S phase 
checkpoint activation might couple the process to N/C, and destruction of Twine protein in cycle 14 
seems to provide the coup de grace that allows accumulation of inhibitory phosphorylation on Cdk1 to 
fully inactivate it in cycle 14. Finally, destruction of Twine RNA and expression of the Cdk1 inhibitor 
Fruhstart backup and reinforce the transition. 
 
Alternative proposal for triggering the MBT 
It was long ago proposed that increasing DNA would titrate required cell cycle regulators, particularly 
DNA replication factors, to slow the cell cycle at the MBT. Numerous candidates for titration have 
been advanced. These include a pool of histone proteins that is largely consumed about the time of 
the MBT [75, 76], and pool of deoxynucleotides that is similarly consumed as the embryo approaches 
cycle 13 (our unpublished observation). While titration of such components might make a contribution, 
for example by increasing replicative stress and promoting activation of the S phase checkpoint, the 
number of rapid early cell cycles in Drosophila does not appear to be strictly limited. Treatments such 
as inhibition of transcription, and experimental supplementation with Twine activity result in an 
additional rapid cell cycle [24, 36]. If titration is involved, we suggest that it acts indirectly to promote 
the decline of Cdk1, as might occur if DNA dependent processes activate the S phase checkpoint.  
 
An interesting recent paper reported that supplementing a Xenopus embryo with four replication 
proteins is sufficient to drive additional rapid cycles [77]. While this report advocated these replication 
proteins as the components titrated to trigger the MBT, we suggest an alternative interpretation more 
congruent with findings in Drosophila. These four proteins are activators of the pre-replication 
complex (pre-RC) that assembles at origin sequences. Cdk1 and DDK kinases trigger this activation 
step. Overexpression of these replication proteins promotes this activation step, and could bypass its 
normal regulation [78, 79]. We suggest that the reported finding represents such a bypass and that it 
identifies the regulated step—a step that is promoted by Cyclin:Cdk1 activity as suggested by work in 
Drosophila.   
 
The cell cycle focus we have adopted in this review does not delve into the events that control the 
major increase in transcription that occurs at the MBT or the events governing the elimination of 
maternal functions [13, 14, 17, 80, 81]. We do however, expect that multiple levels of interactions will 
interconnect and coordinate these different events as the embryo undergoes its massive 
transformation and refocuses its efforts from producing lots of cells to directing the development fates 
of those cells. 
 
Concluding remarks 
Autonomous development of an egg into a functional organism places extreme demands on the 
capabilities of a single cell. These demands distort the biology of early embryos, which are devoted to 
the subdivision of their massive cytoplasm into multiple cells that provide the fodder for 
morphogenesis. The speed of early development and dramatic changes have led to a notion that an 
extraordinary retooling of biological regulation is made at a single transition, the MBT, and activation 
of transcription is often viewed as the focus of this this transition. We advocate a different view. Cell 
cycle regulation is retooled to achieve transcriptional independence in the early embryo in order to 
drive the rapid exponential increase in cells. The resulting exponential expansion of the number of 
nuclei and amount of DNA increases transcriptional capabilities by thousands of fold, ultimately 
allowing zygotic gene expression to take on its commanding role in the direction of subsequent 
embryogenesis. The early embryo has an enormous stockpile of maternally contributed cell cycle 
regulators. Mitotic regulators have a profound impact on normal cells as they drive restructuring of the 



nucleus, an interruption in transcription, and repurposing of the cytoskeleton to promote mitosis. It 
should not be surprising that the high levels of these embryonic cell cycle regulators might also have 
a dominating influence on the biology of the early embryo. Since the central event of the MBT is 
slowing of the cell cycle, we suspect that this is also the central regulatory event in the MBT. Indeed, 
a progressive program down regulates the dominating activity of cyclin:Cdk1 and the timing of the 
MBT is influenced by modulating steps that promote this down regulation. Furthermore, recent work 
has shown that cyclin:Cdk1, which is viewed as the mitotic kinase, also dramatically accelerates S 
phase by promoting the firing of otherwise late replicating origins: hence, its down regulation can 
account for the observed changes in all parts of the cell cycle. This cell cycle slowing is integrated 
with a rapid but progressive program of in which post-transcriptional mechanisms of regulation are 
replaced by regulated zygotic transcription. It appears that the increasing number of nuclei feeds back 
to promote the down regulation of the drivers of the cell cycle as well as to increase the transcriptional 
capacity, which, in turn, feeds back to slow the cell cycle by expressing inhibitors of cell cycle 
activators. The apparent switch-like properties of MBT are likely to result from these large scale 
feedback interactions that reinforce the initial changes, which we suggest down regulate maternally 
contributed cell cycle drivers in processes coupled to the increase in the number of nuclei. While we 
advocate this cell-cycle-centric position as the “motivator” of the MBT, we suggest that dissection of 
the process as a sophisticated purposeful developmental progression with many interacting 
components will be more productive than approaching it as single abrupt transformation of biological 
regulation.    
 
Outstanding questions 
1. What is the mechanism regulating String degradation in the blastoderm cycles? 
2. What is controlling the abrupt Twine destruction in early cycle 14? 
3. How do other MBT inputs influence the core cell cycle machinery? 
4. How does the gradual normalization of embryonic cell cycles interact with other developmental 

events, such as cell fate determination and pattern formation? 
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