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Regulation of the embryonic onset of late DNA replication in Drosophila melanogaster

Je!rey Allen Farrell

 In Drosophila embryos, the mid-blastula transition (MBT) dramatically remodels the 

cell cycle during interphase 14. Before the MBT, each cycle is composed of only a short S-

phase and mitosis. At the MBT, S-phase is dramatically lengthened by the onset of late 

replication, and a G2 phase is introduced. "ese changes set the stage for morphogenesis, 

including the cellularization of the syncytial embryo and the onset of gastrulation. "e 

introduction of the G2 phase was known to result from the downregulation of Cdc25 

phosphatase and the inactivation of Cdk1 kinase; however, the signals modifying S-phase 

were unknown. 

 We injected cdc25 mRNA to bypass the developmentally programmed 

downregulation of Cdc25 at the MBT. Introduction of either Cdc25 isoform (String or 

Twine) or enhanced Cdk1 activity triggered premature replication of late-replicating 

sequences, even after their specification, and thereby shortened S-phase. Reciprocally, 

reduction of Cdk1 activity by knockdown of mitotic cyclins extended pre-MBT S-phase. 

"ese findings suggest that high Cdc25 and Cdk1 contribute to the speed of the rapid, pre-

MBT S-phases.

 Previous reports suggested that downregulation of Cdc25 activity at the MBT 

resulted from elimination of cdc25 transcripts. However, premature removal of cdc25 

transcripts by RNAi did not a!ect progression to the MBT. Instead, a new antibody against 

the Cdc25 isoform Twine showed that Twine protein was abundant and stable until the 

MBT, when it was destabilized and rapidly eliminated. Twine protein destruction was timed 

by the nucleo-cytoplasmic ratio and depended on the activation of zygotic transcription at 
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the MBT, including expression of the gene tribbles, whose activity was su#cient to trigger 

Twine destruction and was required for prompt Twine disappearance.

 "us, we propose that the nucleo-cytoplasmic ratio triggers the remodeling of the cell 

cycle at the MBT by triggering the onset of transcription of a group of genes that inactivate 

Cdk1 (including through the destruction of Twine), which results in the lengthening of S-

phase and addition of the G2 phase.
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1.1: An ode to developmental regulation

To form an animal, a single, fertilized cell must become millions of cells. Each of those cells 

must become specialized for its particular function, and those cells must properly be 

organized into the multitude of tissues and organs that comprise the animal. In order to 

accomplish this tremendous undertaking, the development of the embryo is exquisitely 

orchestrated and, in some sense, divided up into sequential phases where the embryo 

accomplishes progressively finer and more granular tasks. In some cases, these sequential 

phases are incompatible with each other, whereas in others, the later phase depends on 

decisions and actions that occurred in a prior phase. "us, as development progresses and 

proceeds from one phase to another, the organism faces a constantly shifting set of 

requirements that must be fulfilled in order to proceed. "is means that the requirements for 

even what are normally considered basic cellular processes (such as transcription, mRNA 

turnover, and the cell cycle) all must be modified to accommodate the di!erent needs of cells 

at di!erent times in development. "us, many of these basic processes are extensively 

remodeled in early embryogenesis; studying the variations in their programs over 

development o!ers us the opportunity to learn both about the fundamentals of these basic 

processes, but also often exposes additional layers of regulation that are normally hidden in 

the adult animal.

 Additionally, in order to properly form these sequential phases of development, the 

events that comprise them must be accurately timed, in order to ensure that the correct 

prerequisites have been met. Some events in early development seem to be triggered by time 

itself, while others seem to happen sequentially after the completion of a previous event. Yet 

others seem to follow the achievement of particular morphological features. Some of these 

timing mechanisms seem to allow the embryo an opportunity to compensate for the many 

errors that must necessarily arise in such a complex undertaking due to chance and 
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interference from the environment. Others, however, seem to leave the embryo in peril of 

serious defects if a previous step is not completed on time. We still do not understand why 

particular events are linked to their respective timing processes or why the embryo seemingly 

uses such a diversity of timing processes. Moreover, the basic mechanisms that underlie these 

remain murky—how does the embryo track time or measure the achievement of particular 

morphological features?

1.2: Externally developing eggs

It is natural, as a biologist, to focus on the biology that is closest to us—human and 

mammalian biology. However, embryonic development supported by uterine tissue is a 

relatively recent evolutionary invention used by a small minority (about 4000) of the 

millions of metazoan species. Many more species lay eggs in the external environment that 

develop without constant maternal nourishment. "us, the developmental programs that 

evolved to deal with external development are considerably more ancient and widespread. 

"e work presented in this thesis deals with the developmental program of an externally 

developing egg (that of the fruit fly, Drosophila melanogaster), though some features of its 

developmental program seem to have potential analogues in mammalian embryos1. So, 

perhaps some of the more ancient mechanisms at work in the developmental program of the 

externally developing egg will still be partially in place in mammalian embryos as well.

1.3: "e mission of a newly laid egg

Externally developing eggs have a major problem: they have no way to feed themselves. To 

compensate for this constraint, eggs have evolved to be very large cells that are packed with 

extensive maternal stores that provide enough energy for early embryonic development. 

However, these stores are limited, which imposes a pressing mission on early development: 
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make a gut as quickly as possible so that the animal can begin to nourish itself. And this 

necessitates a second mission—make enough cells to form a gut as quickly as possible, and 

then get on with the business of gastrulation. In service to this, after fertilization, these 

embryos undergo extremely rapid cell cycles with accelerated S-phases and no gap (or cell 

growth, obviously, in the absence of new nutrients), in order to divide up the large egg into 

many small cells that can then be shaped into a multi-tissued organism. However, these rapid 

cell cycles present a further problem: entry into mitosis requires massive reorganization and 

activity of the cytoskeleton to properly condense, align, and separate chromosomes. But, the 

movements of gastrulation also require massive reorganization of the cytoskeleton, and so the 

two behaviors are incompatible; mitosis during the movements of gastrulation can cause 

them to fail. "us, the embryo separates these processes into two sequential developmental 

phases: after accumulating enough cells to begin the process of organizing them into their 

future tissues, the embryo must slow its cell cycle dramatically before beginning 

morphogenetic movements. "is dramatic change in the cell cycle is known as the “mid-

blastula transition” (MBT), after the morphology of the embryo at the time it occurs in the 

African clawed frog, Xenopus laevis2,3. However, the mid-blastula transition is a general 

feature of metazoan embryos, as it has also been extensively studied in echinoderms4-6, 

insects7, and fish8, as well as other organisms not cited here.

 So, in order to compensate for the embryo’s inability to acquire its own nutrients, the 

egg is large. However, in solving one problem, evolution introduced another—by increasing 

the size of the egg so dramatically, it has created a cytoplasm that is too large to be controlled 

by the relatively few nuclei present in early development. "e four nuclei present in cycle 3 

simply cannot produce enough transcripts to control the cell cycle of a cytoplasm the size of 

several thousand cells. To compensate for this, the mother packs the egg full of transcripts 

and proteins during oogenesis that can run development until the embryo has produced 
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enough DNA to take over. "e genome is nearly completely quiescent early in development, 

since everything the embryo needs was contributed by the mother. Later in development, the 

embryo exhibits a sweeping activation of the genome where transcription of thousands of 

genes begins nearly simultaneously. And, coincident with the embryo’s desire to take control 

of its own developmental destiny, it must eliminate the ubiquitous maternal signals so that 

they can be replaced by signals that are specific to the developmental needs of each individual 

cell. So, at the same time that the zygotic genome is activated, many of the maternally 

contributed mRNAs are destabilized and degraded. "is process is known as the “maternal-

to-zygotic transition” (MZT) and is also universal in metazoan embryos. Its timing in 

development varies widely between organisms, but it is well-documented in echinoderm, 

nematode, insect, amphibian, fish, and mammalian embryos9.

1.4: "e fruit fly’s implementation

"e work in this thesis concerns the mid-blastula transition in the Drosophila melanogaster 

embryo. Like most externally developing eggs, the Drosophila embryo begins as a lone 

nucleus in a massive sea of cytoplasm. Its development is entirely controlled by a program 

orchestrated by its mother, and so its nuclei sit transcriptionally silent in a vast cytoplasm 

packed with transcripts and proteins funneled in during oogenesis. Nuclei divide rapidly, on 

a dedicated mission to fill the expansive cytoplasm with enough DNA so that zygotic 

transcription can, when it is later activated, direct development. "e nuclei progress 

synchronously from DNA replication directly to mitosis and then back again without 

pausing in gap phases. "e embryo is syncytial at this point, so telophase is omitted, and all 

of the nuclei share a common cytoplasm that is not divided up by plasma membrane. Even 

replication is fast during these cycles. "ough some later S-phases will take up to 8 hours, 

these earliest S-phases range from only 3.4–5 minutes10. 

5



 During interphase 8, the embryo begins to foreshadow the major events that will 

later remodel its developmental program as it shifts to its next sequential developmental 

phase. "e first nuclear movements occur, as most of the nuclei begin to migrate outwards, 

forming a shell of nuclei (known as the blastoderm) near the plasma membrane by interphase 

107. Additionally, a tiny trickle of transcriptional activity begins in cycle 8, as a very small 

number of genes become activated—mostly genes involved in patterning, sex determination, 

and to prepare for morphogenetic changes in cycle 1411. S-phase begins to lengthen very 

gradually in each cycle thereafter, from 5–14 minutes10, gradually slowing cell cycles 10–13.

 However, then, between interphase 13 and 14, the Drosophila embryo executes the 

two major transitions that shift it into its next sequential developmental phase. "e embryo 

takes control of its own developmental program and shifts its attention from amassing cells 

to organizing them into tissues. Morphological changes begin, and cellularization envelops 

each nucleus in a cell membrane, dividing the syncytium into more than 6000 cells, so nuclei 

no longer mingle in a massive cytoplasm7. "e major wave of the maternal-to-zygotic 

transition (MZT) occurs, so many maternally-loaded messages are degraded, and a massive 

increase in zygotic transcription fills each cell with embryonically-derived messages12-15. 

Gastrulation movements begin, and cells scramble to organize themselves and di!erentiate 

into precursors of their eventual tissues16. Lastly, the cell cycle slows dramatically, through 

two mechanisms. First, the length of DNA replication is dramatically extended by nearly 

four-fold at the MBT, to approximately 50 minutes10, and second, cells no longer enter 

mitosis immediately after completing replication—instead, they pause in a G2 phase of 

variable length, determined by each now-distinct cell17. "e slowing of the cell cycle has one 

critical function of protecting cellularization and the gastrulation movements which are 

disrupted by the entry into mitosis, but may have additional critical roles in development 

that have not been explored. 
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1.5: Changing the cell cycle

Understanding mechanistically how the embryo remodels the cell cycle at the mid-blastula 

transition has been a subject of interest for biologists for decades. Investigating how the 

embryo introduces particular aspects of the cell cycle has uncovered many aspects of the basic 

regulation of the cell cycle.

 One of the two distinct components of the slowing of the cell cycle at the mid-

blastula transition is the introduction of the G2 gap phase in interphase 1417. "is gap phase 

is a period of time introduced into the cell cycle in between the completion of S-phase and 

the entry into mitosis. Previous experiments tied the G2 introduction to the sharp decline in 

Cdk1 (cyclin-dependent kinase 1) activity in cycle 1417,18. Cdk1 is the kinase that is widely 

considered to be the master regulator of entry into mitosis; consequently, a decline in its 

activity generates a pause before the entry into mitosis. In most cell cycles, Cdk1 activity is 

low until the cell is prepared to enter mitosis, at which point Cdk1 activity spikes, resulting 

in the phosphorylation of hundreds of substrates, which trigger entry into mitosis17. Upon 

exit from mitosis, Cdk1 activity is rapidly downregulated. In pre-MBT embryos, Cdk1 

activity still exhibits this burst of activity immediately before mitosis. However, upon exit 

from mitosis, it is not completely downregulated; in pre-MBT interphases, the basal level of 

Cdk1 activity is higher than in post-MBT cell cycles18. Upon the exit from mitosis 13, 

however, Cdk1 activity is completely downregulated and is low in interphase 1418. "us, 

before the MBT, when Cdk1 is high, as soon as replication finishes, Cdk1 triggers the entry 

into mitosis. But, after the MBT and downregulation of Cdk1, cells instead wait in a G2 

phase until Cdk1 is activated and then enter mitosis. Prematurely introducing Cdk1 activity 

triggers early exit from G217. Moreover, prematurely downregulating Cdk1 activity with 
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RNAi against the mitotic cyclins induces an early G2, where cells finish S-phase but do not 

go into mitosis19.

 Cdk1 becomes inactivated at the MBT due to the phosphorylation of two residues 

(T14 and Y15) in Cdk1’s ATP-binding pocket, which inhibits Cdk1’s activity (known as 

“inhibitory phosphorylation”)20. "ese residues are phosphorylated by the inhibitory Wee1 

and Myt1 kinases21-25, and they are dephosphorylated by the activating String and Twine 

phosphatases17,26-29—the Drosophila homologs of Cdc25. Before the MBT, String and Twine 

dominate and very little inhibited Cdk1 is detected18. However, inhibitory phosphorylation 

on Cdk1 increases sharply in cycle 14, at the MBT18, which is a major contributor to its 

inactivation, as embryos without maternally provided Wee1 exhibit considerably less 

inhibitory phosphorylation of Cdk1 and fail to slow their cell cycle or execute the MBT22,30. 

An increase in Wee1 activity may contribute to the accumulation of inhibitory 

phosphorylation on Cdk1 in cycle 1422, but dramatic downregulation of opposing Cdc25 

phosphatase activity certainly does. String protein is degraded gradually over the course of 

the pre-MBT cycles, and predominantly eliminated before the MBT18. Moreover, the 

transcripts encoding both String and Twine are destroyed in cycle 1431. Re-introducing 

String is su#cient to prematurely end the G2 of interphase 1417, thus showing that the 

downregulation of Cdc25 and the resultant inhibitory phosphorylation of Cdk1 is required 

for the introduction of the G2 gap phase. 

 While the mechanism underlying the introduction of the G2 is fairly well elucidated, 

we understand the changes in S-phase at the MBT much less. It has been long known that 

the time it took to complete DNA replication became dramatically longer in cycle 14, 

compared to those preceding it32. "ere are a number of potential inputs that a!ect the 

duration of DNA replication. One of these is that the origin spacing increases slightly at the 

MBT, so that each replication fork must progress through a slightly longer stretch of 
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DNA32,33. However, this increase is only 35%, which is not nearly enough to account for the 

over 330% increase in the length of S-phase32. While slowed progression of replication forks 

could conceivably extend S-phase, no significant slowing of average fork rate has been 

observed. Instead, the major input into the lengthening of S-phase seems to be the onset of 

late replication of some sequences of the DNA10. Late replication is a phenomenon where 

some sequences, called late-replicating, do not begin to replicate at the beginning of S-phase, 

but instead delay initiation of replication until later in S-phase. "is is a universal 

phenomenon, with late-replicating sequences observed in yeast34, insects35, amphibians36,37, 

and mammals38 (among others). "e underlying features of sequences that make them late 

replicating remain unknown, though most late-replicating sequences are heterochromatic. 

Additionally, the physiological reason for having late replication remains murky as well.

 In Drosophila, the late-replicating sequences are primarily satellite sequences. "ese 

are long stretches (often several megabases) of short, repeated DNA sequence. "e shortest 

repeats are only 5 basepairs long (e.g. AATAC or AATAT), but some satellites have 

considerably longer repeats, such as 359 satellite, which has a repeat 359 basepairs long. 

Approximately 30% of the Drosophila genome is comprised of satellite sequences39. Before 

the MBT, the satellite sequences are early-replicating and replicate simultaneously with the 

euchromatin, leading to a short S-phase10. After the MBT, the euchromatin—which 

accounts for the bulk of the DNA—remains early-replicating, continues to initiate 

replication at the beginning of S-phase, and completes its replication in about 15 minutes, as 

before the MBT. "e satellite sequences, however, become late-replicating, each with their 

own degree of lateness10. Some sequences, while delayed, still replicate close to the beginning 

of S-phase, such as the 359 satellite, which begins replication only 2 minutes after bulk 

replication in cycle 14. Others, however, are more delayed, such as the AATAC satellite, 

which does not begin replication until 18 minutes into S-phase 14, or the pericentric 
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sequences, which do not seem to begin replication until 30 minutes into S-phase 1410. Each 

domain still seems to be able to complete its replication in cycle 14 in the same 15 minutes 

that it did before the MBT, but because the sequences are now taking turns, S-phase takes 

much longer.

 "e mechanism by which sequences are transformed from early-replicating to late-

replicating, however, is unknown. "e satellite sequences exhibit some features characteristic 

of heterochromatin, such as compaction of the DNA, well before the MBT—as early as cycle 

10—but do not acquire other characteristic features, such as binding of HP1 

(heterochromatin protein 1), until after S-phase 14 is complete10. "us, it seems unlikely 

that the “heterochromatinicity” of the sequences is responsible for the change in their 

replication timing. Some popular models proposed that DNA replication components 

became limiting at the MBT, so that not all sequences could continue to replicate 

simultaneously. However, this also seems unlikely, given that, after the MBT, it takes the 

30% of the DNA that is late-replicating more than twice as long to replicate as the 70% of 

the DNA that is early-replicating. "us, uncovering the mechanism responsible for the 

onset of late DNA replication at the MBT is the first aim of this thesis (Chapter 2).

1.6: Timing the mid-blastula transition (MBT)

In wild-type Drosophila embryos, the MBT occurs like clockwork in cycle 14, but how can 

the embryo time this? A number of changes are occurring throughout the pre-MBT cycles: 

time is passing, successive cell cycles are occurring and the number of nuclei are increasing, 

the amount of DNA is increasing, and some maternally loaded mRNAs are being slowly 

degraded. Any of these could conceivably be a timer that triggers the MBT.

 Mutants and treatments that a!ect the accumulation of DNA during early 

development have shown that amassing a threshold amount of DNA likely determines when 
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the cell cycle slows. "is has historically been referred to as achieving the proper nucleo-

cytoplasmic ratio (NC ratio)—essentially, the ratio of DNA to cytoplasm, which increases in 

the pre-MBT S-phases, as the amount of DNA increases through replication, but the 

amount of cytoplasm stays the same since there is no growth. "e first discovery of this type 

was made by observing embryos from mothers that are mutant for maternal haploid (mh) or 

sésame (ssm)40,41. "ese are maternal e!ect mutants that prevent the DNA contributed by the 

sperm during fertilization from being utilized; instead these embryos develop as haploids 

with only the mother’s copy of the DNA42. Despite the magnitude of this deficiency, these 

embryos develop without major defects through cycle 14 since this is before the MZT and 

the genome is not being used for transcription. However, embryos mutant for mh or ssm 

undergo an additional pre-MBT cycle and slow their cell cycle in interphase 15 instead of 

interphase 1440,41. "is means that they slow their cell cycle with the same DNA content as a 

wild-type embryo (they have half as much DNA per nucleus, but undergo one extra 

doubling of their DNA to make up for it). However, while the NC ratio is the same in cycle 

15 haploid embryos as cycle 14 wild-type ones, many conditions that could have been timers 

are di!erent, excluding them as timing mechanisms for the slowing of the cell cycle; 

compared to cycle 14 wild-type embryos, cycle 15 haploid embryos are older40, have 

undergone more cell cycles, have more nuclei which are more tightly packed, and have more 

centrosomes. Furthermore, additional experiments with major chromosomal rearrangements 

determined that embryos with $66% of wild-type DNA consistently went through an extra 

division, with 75-100% of wild-type DNA arrested in the normal cycle, and embryos with 

%134% of wild-type DNA often arrested a cycle early41. "us, this established that the DNA 

threshold required to slow the cell cycle is approximately 70% of the DNA in a wild-type 

embryo. It also further cemented the idea that the timing of cell cycle slowing at the MBT is 

regulated by the accumulation of DNA content or achievement of a particular NC ratio.
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 However, while the cell cycle slowing seems to be regulated by the NC ratio, the 

morphological changes at the MBT do not. For instance, the average time of the first 

gastrulation movements, when compared to mitosis 10 is the same in wild-type and haploid 

embryos40. Additionally, cellularization appears to begin in cycle 14, regardless of ploidy, but 

is sensitive to entry into mitosis and forced to restart in cycle 15 in haploid embryos40. "us, 

it would seem that the onset of these morphogenetic movements is timed separately from the 

slowing of the cell cycle. An additional set of experiments used RNAi against the mitotic 

cyclins to arrest nuclear division during the pre-MBT cycles19. "ese embryos do not 

continue the cell cycle and do not continue to amass DNA, but do continue replicating their 

centrosomes. Despite having considerably less DNA than a cycle 14 embryo, the arrested 

embryos initiate cellularization at the same time as a wild-type embryo would regardless of 

the cycle in which they were arrested. Even in embryos where di!erent regions were arrested 

in di!erent cycles, the entire embryo began cellularization uniformly. "e same embryos then 

begin gastrulation movements uniformly across the embryo, suggesting that the timing of 

gastrulation is likewise undisturbed19. "is emphasizes that these morphogenetic changes 

associated with the MBT are not timed by the NC ratio, by the number of cell cycles, 

number of nuclei, or distance between nuclei. It is most likely that they are regulated by an 

actual “time-dependent” timer, or perhaps by the centrosome cycle, which continued in these 

embryos.

 "is is not to say, however, that the NC ratio does not impinge on these events that it 

does not time directly. As is observed in haploid embryos, the entry into mitosis disrupts 

cellularization in progress and forces it to start over40. "us, while the NC ratio does not 

a!ect the timing of initiation of cellularization, since it times the slowing of the cell cycle, it 

does influence the timing of completion of cellularization. Additionally, it has been observed 

that the progress of ventral furrow formation, one of the earliest gastrulation movements, is 
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also sensitive to the cell cycle; cells that enter mitosis during the invagination movement 

often are forced back out of the furrow, preventing the proper internalization of the 

primordial mesoderm43,44. "us, again, while the onset of gastrulation is timed 

independently of the NC ratio, its successful completion requires that the proper NC ratio 

has been reached and the cell cycle slowed. So, the timing of the MBT can be seen as a pair 

of conditions that must be met: an NC-independent mechanism sets into motion the 

morphogenetic events of cellularization and gastrulation, which provides a deadline by which 

the proper NC ratio must be met, as that triggers slowing of the cell cycle. "is, however, 

raises two questions. First, how is the NC ratio detected? Second, how does the NC ratio 

execute the slowing of the cell cycle? Understanding the connection between the NC ratio 

and the slowing of the cell cycle is the second aim of this thesis (Chapter 3).

13



1.7: Figures and Tables

Figure 1.1: Early Drosophila development. A diagram illustrating the major events of early 

Drosophila embryogenesis. "e progress through embryogenesis is marked by the bar labeled 

“cell cycle.” Cycle numbers are written above the bar, and the phases of the cell cycle are 

marked by color in the bar—S-phase is green, mitosis is red, and G2 gap phase, when 

introduced in cycle 14, is blue. Colored regions of the bar are to scale, based on the length of 

each phase. Cycle 1 is colored grey to represent this complexity and uniqueness of this cycle, 

which is beyond the scope of this figure. Mitosis is drawn as a wedge in cycle 14 because cells 

enter mitosis asynchronously in that cycle. Above the cell cycle graph, cartoons depict the 

morphology of the embryo as it progresses through development. "e strong blue line 

represents plasma membrane, nuclei are depicted as black dots, and the yolky cytoplasm is 

depicted as a light blue. "e vitelline membrane is omitted for simplicity. Below the cell cycle 

bar are labels marking the time of major developmental hallmarks and morphological 

movements: the migration of the nuclei to the surface and formation of the blastoderm 
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(“migration”), the formation of the pole cells (“pole cells”), the cellularization of the 

syncytium (“cellularization”), and the onset of the formation of the ventral and cephalic 

furrows (“gastrulation”). Finally, at the bottom is a graph, estimating the number of di!erent 

maternal (purple) and zygotic (blue) transcripts present, over time, during early 

embryogenesis, highlighting the destruction of maternal transcripts and onset of zygotic 

transcription at the MZT.
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CHAPTER 2

Embryonic onset of late replication requires 

Cdc25 downregulation
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2.1: Summary

 "e Drosophila mid-blastula transition (MBT), a major event in embryogenesis, 

remodels and slows the cell cycle. In the pre-MBT cycles, all genomic regions replicate 

simultaneously in rapid S-phases that alternate with mitosis, skipping gap phases. At the 

MBT, downregulation of Cdc25 phosphatase and resulting inhibitory phosphorylation of the 

mitotic kinase, Cdk1, creates a G2 pause in interphase 14.  However, an earlier change in 

interphase 14 is the prolongation of S-phase. While the signals modifying S-phase are 

unknown, the onset of late replication—where replication of constitutively heterochromatic 

satellite sequences is delayed—extends S-phase 14. We injected cdc25 mRNA to bypass the 

developmentally-programmed downregulation of Cdc25 at the MBT. Introduction of either 

Cdc25 isoform (String or Twine) or enhanced Cdk1 activity triggered premature replication 

of late-replicating sequences, even after their specification, and thereby shortened S-phase. 

Reciprocally, reduction of Cdk1 activity by knockdown of mitotic cyclins extended pre-MBT 

S-phase. "ese findings suggest that high Cdc25 and Cdk1 contribute to the speed of the 

rapid, pre-MBT S-phases and that downregulation of these activities plays a broader role in 

MBT-associated changes than was previously suspected.
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2.2: Introduction

 Following fertilization, the first order of business for large, externally developing eggs 

is to increase cell number, often by specialized post fertilization mitotic cycles dedicated to 

this increase. In Drosophila, the early mitotic cycles are extremely fast (8.6–21 minutes), 

synchronous7, and lack most transcription12. In these cycles, S-phase alternates with mitosis 

without intervening gap phases or cytokinesis, so nuclei exponentially amplify in a syncytial 

cytoplasm12. At cycle 14, the cell cycle slows and morphogenesis replaces nuclear 

proliferation as the key feature of embryonic development7. Numerous events accompany the 

cell cycle slowing, including the destruction of many maternal mRNAs, cellularization of the 

cortical nuclei, and the onset of gastrulation. Most importantly, transcription is activated and 

the zygotic genome begins to control the cell cycle and embryonic development12,26. "is 

major embryonic transformation is the mid-blastula transition (MBT), named after 

analogous events in early frog development. We have explored the regulation that slows the 

cell cycle at the Drosophila MBT.

 Earlier studies of cell cycle slowing at the MBT focused on the cycle 14 introduction 

of a G2 phase, which results from changing regulation of Cdk1, the major coordinator of 

mitosis. Until the MBT, Cdk1 is highly active; thus S-phase occupies the entirety of 

interphase and embryos are driven into mitosis immediately following replication. After the 

MBT, however, Cdk1 is inhibited by phosphorylation, causing cells to pause in G2 until the 

phosphorylation is removed18, meaning in these cycles, S-phase does not occupy all of 

interphase. "is change in Cdk1 activity results from the downregulation of Cdc2518,31, the 

phosphatase that activates preformed cyclin-Cdk complexes by removing inhibitory 

phosphates from the roof of the ATP-binding pocket17,20,45. Cdc25 phosphatase activity is 

encoded by two Drosophila homologs, string (string)26 and twine (twine)27,28, which are both 

present at high level until the MBT, when their transcripts are downregulated18,31. "eir 
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downregulation results in the accumulation of Cdk1 inhibitory phosphorylation18 and thus 

cells pause in G2 until spatially and temporally regulated pulses of zygotic string expression 

allow them to enter mitosis26. 

 Recent work has emphasized a second contribution to the slowing of the cell cycle at 

the MBT. Cycle 14 is distinguished from pre-MBT cycles in having a 50-minute S-phase, 

versus the S-phase of the preceding cycle, which lasts only 15 minutes10,17. "is prolongation 

of S-phase is the result of a shift from a mode where all regions of the DNA are replicated 

nearly simultaneously33 to a mode where the replication of repetitive satellite sequences is 

delayed until later in S-phase10. Shifts in replication timing occur in many metazoans, as cells 

become more specified, including Drosophila, Xenopus46, and mammals37. In the new mode 

of replication, the bulk of the DNA replicates in the first 15 minutes of S-phase, but satellite 

sequences exhibit an ordered sequence of replication that occurs later, from 5–50 minutes in 

S-phase10. "ese satellite sequences are long stretches of short, repetitive sequence that are 

primarily heterochromatic. While the importance of the longer S-phase is shown by evidence 

that it is required for the completion of other critical MBT events, such as cellularization40,47, 

many questions remain about the regulation of S-phase length.

 What developmental changes underlie the shift in replication timing of the satellite 

sequences? One possibility is a local change to the late-replicating sequences, such as a 

modification in chromatin structure. Indeed, progressive introduction of heterochromatic 

features during early development led us to think of late replication as part of the 

progression10. However, some aspects, such as compaction, begin in the pre-MBT cycles, 

while other aspects, such as HP1 binding, occur after the introduction of late replication10. 

Since these structural changes were not coincident with the onset of late replication, we 

entertained another possibility, which was that a global regulator of DNA replication 

changed and exposed di!erences in the late-replicating sequences that had been set up well 
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before the MBT. "is model, however, presented several questions still. What was the 

regulator? And how is the change coupled to the MBT? 

 We wondered whether the developmental downregulation of Cdc25 had an 

important function at the MBT aside from regulating the G2 phase. Cdc25 reintroduction 

in cycle 14 had previously been shown to eliminate the G217. But, it was reintroduced late in 

cycle 14, after many other MBT changes—notably, the extension of S-phase—had occurred. 

To truly study the e!ect of Cdc25 downregulation at the MBT, especially on earlier events in 

cycle 14, we used a more acute approach to reintroduce Cdc25 at the time of the MBT. "is 

uncovered a role for Cdc25 in the regulation of S-phase length.
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2.3: Results

2.3.1: Cdc25 causes an early mitosis 14 during the time normally occupied by S-phase 14

To study the role of Cdc25 downregulation on post-MBT events prior to the G2 phase, we 

overexpressed Cdc25 at the end of cycle 13, so that Cdc25 would persist into cycle 14 longer 

than normal (Figure 2.1a) and allow us to examine its e!ect during a previously inaccessible 

developmental time. We did this by injecting embryos with in vitro transcribed mRNA 

encoding either Twine or String. We found that addition of Cdc25—either Twine or String

—induced an early mitosis in the treated portion of the embryo (Figures 2.1b–c, Movies 2.1 

and 2.2), though injection of mRNA encoding phosphatase-dead mutants of Twine and 

String had no phenotype (data not shown). "e Cdc25-induced mitoses originated at the 

point of injection and proceeded in quick waves like pre-MBT blastoderm divisions. Extra 

divisions generally left the embryo well organized, unless they occurred near the time of 

gastrulation (Figure 2.1c, panel 4). After the extra cycle (or in the case of String-injected 

embryos, often two extra cycles), embryos executed the patterned mitosis that would 

normally occur in cycle 14 (data not shown). "e average length of the shortened interphase 

14 in treated embryos was 28 minutes, though S-phase 14 is normally 50 minutes10 in a 

wild-type embryo. "is indicated that Cdc25 could shorten interphase 14, though by more 

than the previously reported removal of G2 phase, and was causing embryos to enter mitosis 

during what would ordinarily be S-phase 14.

2.3.2: Cdc25 shortens S-phase 14 

Since Cdc25 expression caused embryos to enter mitosis during what would normally be S-

phase, they had either finished S-phase early or entered mitosis without completing 

replication. Entry into mitosis before chromosomes finish replicating leads to catastrophe 

upon attempting to separate sister chromatids48 that are still held together by unreplicated 
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regions. However, mitosis proceeded normally in embryos injected with cdc25 mRNA, 

without bridged DNA during anaphase (Figure 2.2a, Movie 2.3), indicating that DNA 

replication was complete. As an alternative assay of the completeness of S-phase, we 

examined normally late-replicating sequences by in situ hybridization. An embryo 

undergoing an early, String-induced mitosis showed cleanly separated anaphase sister 

chromatids (Figure 2.2b), each with its own non-bridged focus for the X-chromosomal 359 

satellite and the late-replicating, Y-chromosomal AATAC satellite10. We conclude that, in 

embryos injected with cdc25 mRNA, satellites that usually replicate later in S-phase are 

successfully duplicated early and genome duplication is complete before the induced mitosis. 

"us, introduction of Cdc25 is su#cient to accelerate the progress of S-phase 14 so that it is 

completed in less than the normal time.

2.3.3: Cdc25 causes early replication of normally late-replicating sequences

To more directly assay replication in Cdc25-treated embryos, and to do so in a manner that 

would allow us to assay replication of particular sequences, we injected String-treated 

embryos with fluorescent deoxynucleotides, fixed the embryos, and then assessed fluorescent 

incorporation into replicated DNA. Using in situ hybridization to localize particular blocks 

of satellite sequences, we could define the timing of incorporation into distinct sequences. 

Alterations in incorporation after injection of string mRNA showed that the accelerated S-

phase it induced was associated with earlier replication of ordinarily late-replicating satellite 

sequences. At 22 minutes into interphase 14, normally all nuclei would be mid-way through 

replication; they would be in the process of replicating the AATAC satellite sequence and 

would not have begun to replicate the latest replicating sequences, such as the pericentric 

heterochromatin (Figure 2.3a). "us, they showed nucleotide incorporation as a faint, 

punctate pattern with a large focus that colocalizes with the AATAC satellite (Figure 2.3c). In 
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String-treated embryos that were also 22 minutes into interphase 14 (Figure 2.3b), 

replication was unusually asynchronous (Figure 2.3d). Many of their nuclei exhibited no 

incorporation (Figure 2.3d, open arrowheads), indicating that they completed replication 

when normal embryos would still be replicating heavily. "ose nuclei with incorporation 

showed a pattern representative of a more advanced stage in S-phase (Figure 2.3e). In 

particular, 1) the labeling was confined to the pericentric sequences (Figure 2.3d, closed 

arrowhead), evident because of their apical localization49 and which usually would not begin 

replicating for at least 6 more minutes, and 2) the AATAC satellite sequence lacked 

incorporation, though it would ordinarily still be mid-replication at that time10. "ese 

embryos show that introduction of Cdc25 shortened S-phase, causing them to complete 

replication and stop incorporating nucleotide earlier than normal. Moreover, most nuclei had 

finished replicating the pericentric sequences at 22 minutes—before these sequences would 

normally begin to replicate—showing that Cdc25 advanced the time of replication of late-

replicating sequences.

2.3.4: Cdc25 acts on sequences that are already specified as late-replicating

Cdc25 could advance replication of late-replicating sequences either by preventing them 

from being specified as late-replicating sequences or by overriding that specification and 

causing a sequence that has been specified as late-replicating to replicate early anyway. To 

di!erentiate between these possibilities, we tested the relative e!ectiveness of Cdc25 injection 

in cycles 13 and 14. Replication is normally widespread by 1 minute into cycle 1410, but the 

late-replicating sequences do not initiate their replication until later. "us, late-replicating 

sequences must have been distinctly specified by the beginning of cycle 14, when S-phase 14 

begins, otherwise their replication would have initiated with the early-replicating sequences. 

So, if Cdc25 introduced after the onset of S-phase 14 were able to accelerate that S-phase, it 
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would show that Cdc25 can advance the replication of sequences that had already been 

specified as late. We watched embryos on the microscope to precisely time injections with 

string or twine mRNA in either cycle 13 or cycle 14. Injections in both cycles proved 

similarly e!ective at inducing a shortened S-phase 14 (Figure 2.4), and most embryos that 

were injected with cdc25 mRNA, even several minutes after the beginning of S-phase 14 

(Figure 2.4, embryos highlighted with black bracket) exhibited a shortened S-phase. Not 

surprisingly, embryos injected later in cycle 14 were accelerated less than those injected 

earlier, with the extra mitosis occurring, on average, 23 minutes after injection (Figure 2.4, 

Table 2.1). We conclude that Cdc25 can shorten S-phase even after establishment of the 

post-MBT replication program. Since Cdc25 shortens replication by advancing the 

replication of late-replicating sequences (Figure 2.3), these experiments suggest that Cdc25 

can promote the replication of satellite sequences even after they have been specified as late-

replicating.

2.3.5: Cdk1 activity also drives a successful mitosis during normal S-phase 14

"e only previously described roles for String and Twine are in mitosis or meiosis. Our 

discovery that these traditionally mitotic proteins had a role in replication led us to test 

whether other mitotic activators could cause early entry into mitosis during what would 

normally be S-phase 14. Cdk1 is both a mitotic activator and a traditional target of Cdc25, 

so we began with it. We made a construct of Cdk1 with mutations that eliminate the 

phosphorylation sites that usually result in its inhibition and are dephosphorylated by Cdc25 

(referred to as “Cdk1AF”). Injection of cdk1AF mRNA advanced mitosis, but not to an extent 

that would suggest a shortened S-phase; Cdk1AF triggered mitosis on average 76 minutes into 

cycle 14, after S-phase would normally finish (Figure 2.5a, Table 2.2). In Cdk1AF-treated 

embryos, neighboring mitoses did not always occur concurrently, and the zone of e!ect 
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spread further than the local, concerted waves of mitosis in Cdc25-treated embryos (Movie 

2.4).

 Since Cdk1, regardless of phosphorylation, requires cyclin to be active, it was possible 

that newly produced Cdk1AF in our experiments did not have su#cient cyclin to bind until 

later in the cell cycle. So, we tested whether co-expression of a mitotic cyclin with Cdk1AF 

would further advance mitosis. Embryos coinjected with cycA and cdk1AF mRNA did not 

further shorten interphase (Figure 2.5b). However, coinjection of cycB mRNA or cycB3 

mRNA with cdk1AF mRNA, further shortened interphase in a fraction of the injected 

embryos—68% and 17% respectively (Figures 2.5c–e, Table 2.2, Movies 2.5). When 

injected alone, none of the cyclin mRNAs advanced mitosis (data not shown), indicating 

that it was the Cdk1AF-cyclin complex that shortened S-phase. "e amount of Cdk1AF 

protein produced was significantly less than the amount of endogenous Cdk1 protein 

present, indicating that gross overexpression was not required (Figure 2.5f ). "ose embryos 

with shortened interphases following cdk1AF and cyclin mRNA coinjections had an average 

interphase time of 33 minutes (Table 2.2) and a coordinated wave of mitosis resembling the 

embryos injected with Cdc25 mRNA (Figure 2.5c), including successful separation of 

replicated chromosomes (Figures 2.5c’ and c’’). "us, injection with Cdk1AF and CycB or 

CycB3 can phenocopy injection with Cdc25 and is su#cient to shorten S-phase. Given that 

Cdk1 is the target of Cdc2518, we suggest that Cdk1-cyclin activation mediates the 

shortening of S-phase induced by Cdc25 in our experiments.

2.3.6: Visualizing Cdc25 and Cdk1 acceleration of replication

We also tested the e!ect of Cdc25 and Cdk1 on replication by injecting embryos with 

purified GFP-PCNA protein to use as a live marker. PCNA associates with DNA polymerase 

at replication forks, and GFP-tagged PCNA accumulates into visible foci during replication. 
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"e formation of these foci requires replication, as none are observed in embryos that are 

prevented from licensing their origins and initiating replication47. "us, we used GFP-PCNA 

foci as an approximation of the progress of replication. In embryos injected solely with GFP-

PCNA, foci were detectable for an average of 51 minutes (Figure 2.6a), similar to the 

previously reported 50-minute S-phase determined by nucleotide incorporation10. PCNA 

exhibited a widespread pattern during the beginning of S-phase (Figure 2.6a, 6:36), 

corresponding to the bulk replication of euchromatin that occurs during early cycle 1410. 

"en, as S-phase 14 progressed, the GFP-PCNA pattern became focal, with the foci 

becoming fewer, smaller, and fainter (Figure 2.6a, 28:41–50:44, Movie 2.6) at the same time 

as replication becomes progressively restricted to the late-replicating satellite sequences10.

 Injection of string mRNA did not change the dynamics of the GFP-PCNA foci in 

embryos injected with GFP-PCNA protein and only triggered mitosis after su#cient time to 

complete an unaccelerated S-phase 14 (Movie 2.6). "is reveals a peculiarity of PCNA 

overexpression, either through injection of purified protein or transgenic expression. We have 

injected string mRNA into five strains, all descended from di!erent, unconnected 

backgrounds; a strain expressing YFP-PCNA was the only tested strain in which string 

mRNA did not trigger an early mitosis consistent with a shortened S-phase (data not 

shown). Moreover, injection of GFP-PCNA protein prevented string mRNA from triggering 

a shortened S-phase in other strains where it would in the absence of PCNA overexpression 

(data not shown). "us, we suspect there may be an interaction between PCNA 

overexpression and Cdc25, which is a subject of interest for future study. One potential for 

this interaction was by a!ecting levels of mitotic cyclins. We compared the levels of mitotic 

cyclins in embryos injected with purified GFP-PCNA protein to uninjected embryos and 

found that, while Cyclin A levels did not seem to be a!ected, Cyclin B protein was 

significantly lower after GFP-PCNA expression (Figure 2.6i, especially 30 minutes). "e 

26



mechanism responsible for this is unknown. However, due to this observation, and since 

mitotic cyclin had increased the e#cacy of Cdk1AF in previous experiments, we tried 

coinjecting cycB mRNA and string mRNA into embryos also injected with GFP-PCNA.

 Embryos injected with a mixture of string and cycB mRNAs displayed a clear 

acceleration in the dynamics of GFP-PCNA foci, which disappeared after an average of 22 

minutes (Figure 2.6b, Movie 2.6). Moreover, the foci did not become as few or as restricted 

in the last frames of the shortened S-phase (Figure 2.6b, 17:39), suggesting that a greater 

number of sequences were still replicating concurrently at the end of S-phase. cycB mRNA 

injected alone did not change the dynamics of GFP-PCNA foci, which remained detectable 

as late as 54 minutes (Figure 2.6c, open arrowhead). We conclude that increased expression 

of string and cycB can accelerate the progress of S-phase as marked by GFP-PCNA. 

 Coinjection of cdk1AF and cycB mRNAs produced a similar result, where the 

dynamics of GFP-PCNA foci were accelerated so that they disappeared after an average of 22 

minutes (Figure 2.6d, Movie 2.6), and the foci did not become as small or faint in the last 

minutes of replication as in control embryos (Figure 2.6d, 14:00). Based on this, we 

conclude that combined Cdk1 and CycB can also accelerate replication. In our hands, 

however, a similar coinjection (Figure 2.6h) of cdk2AF and cycE mRNAs did not have an 

e!ect on replication timing, as GFP-PCNA foci were still visible as late as 52 minutes (Figure 

2.6e, open arrowhead, Movie 2.6). While we cannot conclude that Cdk2 cannot accelerate S-

phase, it does not do so in our experimental setting, while Cdk1 is e!ective. Since String 

with CycB and Cdk1AF with CycB accelerated the dynamics of GFP-PCNA foci in S-phase 

14 and caused those foci to disappear before the embryos entered early mitoses, we conclude 

that increasing Cdc25 or Cdk1 activity can accelerate progression through S-phase.

2.3.7: Reduction of Cdk1 activity prolongs pre-MBT S-phase
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Since the replication of the late-firing sequences could be advanced by increasing Cdk1 

activity after the MBT, this suggested that the short S-phases before the MBT may be due to 

high Cdk1 activity during S-phase. So, we tested whether reducing Cdk1 activity before the 

MBT could prolong S-phase 13, the last of the rapid S-phases. To dampen Cdk1, we injected 

a cocktail of dsRNAs against its three cyclin partners (CycA, CycB, and CycB3), and to assay 

replication, we injected purified GFP-PCNA protein. We analyzed embryos that were 

prevented from entering mitosis 13 by the dsRNAs, which indicated that Cdk1 activity was 

reduced in these embryos, though it was almost surely not eliminated.

 In embryos injected with only GFP-PCNA, PCNA foci persisted for an average of 12 

minutes during S-phase 13 (Figure 2.6f ). PCNA showed a pattern of initially widespread 

staining (e.g. Figure 2.6f, 6:06) that became slightly restricted and focal as S-phase progressed 

(e.g. Figure 2.6f, 9:46–13:26), through it never became as restricted as in late S-phase 14 

(e.g. Fig. 2.6a, 33:05–50:44). In embryos also injected with cyclin dsRNA, however, PCNA 

foci persisted for an average of 19 minutes (Figure 2.6g). "e PCNA pattern progressed in 

these embryos similarly to that in unperturbed S-phase 13—PCNA was initially widespread 

(e.g. Figure 2.6g, 5:20) and then became progressively more focal and restricted (Figure 2.6g, 

11:36–22:15). However, the widespread pattern seemed to persist for approximately the 

same amount of time (Figure 2.6f, through 9:46 vs. Figure 2.6g through 9:30), while the 

more focal restricted pattern seemed to lengthen considerably (Figure 2.6f, 11:00–13:26 vs. 

Figure 2.6g, 11:36–22:15). While this experiment does not indicate the timing of replication 

of individual sequences, the extension of the focal pattern, but not the widespread pattern 

suggests that these results represent the introduction of a small amount of late replication in 

these embryos. "e observed extension of S-phase does not approach the full length of S-

phase 14, but it does show that Cdk1 activity plays a role in the rapidity of the pre-MBT S-
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phases. Moreover, it suggests that the late replication program is already in place before the 

MBT, since reduction in Cdk1 seems to partially uncover the program.

2.3.8: An unexpected checkpoint 

Our findings presented us with one further puzzle. Why didn’t expression of the mitotic 

activators Cdc25 and Cdk1AF induce an immediate mitosis with unreplicated DNA? "e 

well-recognized checkpoint that guards against entry into mitosis with incompletely 

replicated DNA is thought to act by Chk1 promotion of inhibitory phosphorylation of 

Cdk150. However, Cdc25 expression should override inhibitory phosphorylation by 

removing it, and Cdk1AF expression should bypass inhibitory phosphorylation entirely. "us, 

it seemed unlikely that the canonical S-phase checkpoint could protect against premature 

mitosis in our experiments. To test if a di!erent checkpoint was involved, we prolonged S-

phase by injecting embryos with aphidicolin, a competitive inhibitor of DNA replication51, 

at a dose that slowed but did not halt replication. Aphidicolin delayed the mitosis induced by 

string mRNA (Table 2.3) and this mitosis showed no anaphase bridging (Figure 2.7a, Movie 

2.7). "is indicated that replication could still delay entry into mitosis, even after Cdc25 

injection. Similarly, treatment with aphidicolin delayed the mitosis induced by injection of 

cdk1AF mRNA (Table 2.3). Although Cdk1AF-induced mitoses in aphidicolin exhibited a 

prolonged prophase and some disorganization of the nuclei, anaphase separation of 

chromosomes was successful, which indicated complete replication prior to mitosis (Figure 

2.7b, Movie 2.8). We conclude that ongoing replication delays mitosis, even after induction 

of Cdc25 or Cdk1AF. "us, we suggest that a secondary replication checkpoint, independent 

of inhibitory phosphorylation of Cdk1, prevents catastrophic entry into mitosis. 

 In these experimental contexts where phosphorylation control was disturbed, we 

considered the possibility that cyclin limitation might underlie the alternative checkpoint. 
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Indeed, embryos injected with aphidicolin, cdk1AF mRNA and any mitotic cyclin mRNA 

entered mitosis with catastrophic anaphase bridging (Figures 2.7c–e, Movie 2.9). Moreover, 

in aphidicolin-injected embryos, co-injection of string mRNA and cycB mRNA induced 

some anaphase bridging (Figure 2.7f, Movie 2.10). "is suggested that, indeed, limited 

mitotic cyclins prevented the entry into mitosis with unreplicated DNA in embryos treated 

with aphidicolin. We then tested aphidicolin’s e!ect on cyclin levels over time in interphase 

14 using Western blot. Cyclin levels were indeed decreased in embryos treated with 

aphidicolin compared to those that were not (Figure 2.7g). In untreated embryos, both 

Cyclin A and B accumulate over the first 45 minutes of interphase 14, with Cyclin B 

accumulating more quickly. However, Cyclin A accumulation was delayed approximately 15 

minutes after aphidicolin treatment. Cyclin B levels were normal at 15 minutes, but then 

dropped between 15 and 30 minutes, eventually recovering between 45 and 60 minutes. We 

conclude, therefore, that low cyclin function limits the ability of Cdk1AF and Cdc25 to 

induce mitosis during an ongoing S-phase. Moreover, the drop in Cyclin B levels suggests 

that perhaps active destruction of cyclins limits their levels during active replication. "us, by 

definition, low cyclin function would constitute a secondary checkpoint in these situations, 

though we have not defined how ongoing replication mechanistically limits cyclin function, 

nor have we shown directly that Chk1 is not involved through a di!erent mechanism than its 

usual induction of inhibitory phosphorylation of Cdk1.
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2.4: Discussion

2.4.1: Cdc25 decline is a developmental switch involved in changing replication timing

Our experiments override the normal downregulation of Cdc25 and Cdk1 activity at the 

MBT, and they show that this developmental downregulation is required for the 

introduction of late replication at S-phase 14 (Figure 2.8a–b). We show that increased Cdc25 

or Cdk1 activity during cycle 14 abbreviates the late replication program normally active at 

the time. Conversely, we find that decreasing Cdk1 activity during cycle 13 lengthens the 

rapid replication program that is active before the MBT (Figure 2.8c–d). "is suggests that 

Cdc25 and Cdk1 activity are regulating the length of S-phase. Moreover, the pre-MBT S-

phases are unusual in having a rapid replication program, and they are also unusual in having 

high Cdc25 and Cdk1 activity during S-phase. "en, cycle 14—when late replication begins 

in earnest—is the first cycle in which Cdc25 is e!ectively downregulated and Cdk1 is 

inhibited by phosphorylation18,31. Given our findings, we propose that this high Cdc25 and 

Cdk1 activity is actually the reason the pre-MBT S-phases are rapid, and the removal of these 

activities by downregulation at the MBT is the developmental switch that lengthens S-phase.

 While these results do not address mechanistic aspects of the ordered firing of late 

replicating sequences, they do indicate mechanistic aspects of the activation of the late 

replication program. Our findings suggest that the satellite sequences do not become late 

replicating at the MBT due to local changes at the origins. Instead, it seems that those origins 

may already be specified as late replicating. For instance, satellite sequences are selectively 

compacted before the MBT10, suggesting that the onset of late replication is not due to de 

novo acquisition of heterochromatic structure at the MBT. Moreover, reduction of Cdk1 

activity even before the normal onset of late replication can lengthen replication, which 

suggests that the embryo is already programmed with its post-MBT replication program. 

However, our experiments show that Cdc25 can advance replication of late-replicating 
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sequences when introduced after the beginning of S-phase 14, and thus demonstrate the 

capacity of increased Cdc25 to override local signals that specify genomic regions as late-

replicating. "us, we propose that late-replicating sequences are specified as late long before 

the MBT, but that high Cdc25 and Cdk1 activity drives them to fire early anyway during the 

pre-MBT S-phases. Once Cdk1 is inactivated at the MBT, by Cdc25 downregulation and 

Cdk inhibitor (CKI) induction44, satellite sequences would no longer be driven to replicate 

at the beginning of S-phase, and so could follow the replication program that will drive them 

to replicate late thereafter. "us, the onset of late replication and lengthening of S-phase 

would result not from local changes specific to the late-replicating sequences, but rather from 

a global change with an impact on the replication machinery—the downregulation of Cdc25 

and Cdk1.

2.4.2: Cdc25 downregulation feeds into an integrated Cdk1 switch

Our experiments have allowed us to understand features of previous studies that were 

otherwise unexplained. Although none of these studies examined or commented on S-phase 

length, they present other manipulations that advanced mitosis 14. In light of our 

observations, we can infer from the timing and success of these mitoses that S-phase may 

have been shortened. For instance, mutants in frühstart, an inhibitor of Cdk152 that is 

expressed in cycle 1453, have a low penetrance shortening of interphase 14 that indicates, we 

infer, a short S-phase 14. r study revealed that mutations that increased CycB levels in early 

interphase 14 caused a succesful, early mitosis54 that we interpret as indicative of a shortened 

S-phase. Moreover, there is a 5-minute window at the beginning of interphase 14 when 

injections of stable CycB protein can drive embryos into an early mitosis55. "e success of the 

mitosis was not assayed due to interference from the stable cyclin, but S-phase was probably 

shortened, given the previously cited result.
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 Based on our observations and those from the literature, we propose that it is 

ultimately the downregulation of Cdk1 that causes the lenthening of S-phase 14, and Cdc25 

downregulation is an important component of this. We, in fact, show that Cdk1 activity 

during S-phase 14 will keep S-phase short. "e brief window of time when CycB can shorten 

S-phase suggests that Cdk1 is probably inactive in the very beginning of cycle 14 because of 

insu#cient cyclin. "is results from the standard mitotic destruction of cyclins by the APC 

and provides time for the induction of the Cdk1 inhibitor, Frühstart, and the 

downregulation of Cdc25—the developmental switches that further inactivate Cdk1 (Fig. 

7a). "ese changes prevent Cdk1 activity during S-phase 14 even after the accumulation (or 

injection) of cyclin, thereby allowing S-phase to be longer than those that preceded it. 

Furthermore, the features of a Cdk1-controlled switch may also explain earlier changes in S-

phase. "ere is a progressive, slight extension of S-phase during the pre-MBT cycles10. "ere 

is also a slow decline of Cdc25 during this time (though not much increase in inhibitory 

Cdk1 phosphorylation) as well as progressively strong destruction of cyclin during these 

cycles18. One or both of these may result in slight reductions in Cdk1 function during these 

cycles that explains the slight extension of S-phase in the pre-MBT cycles.

2.4.3: A role for mitotic inducers in S-phase

Our results provide an intriguing new view of proteins traditionally considered to be mitotic 

activators. "ough vertebrate Cdc25A has previously been shown to have a role in the G1/S 

transition by activating Cdk256, our results are substantially di!erent. First, String and Twine 

are homologs of vertebrate Cdc25C, a mitotic inducer, rather than Cdc25A, an inducer of S-

phase. Second, Cdc25A acts in vertebrates to stimulate the G1-to-S transition, but here we 

show action of Cdc25 during an ongoing S-phase to stimulate the late-replicating sequences. 

We believe that this is the first indication of a role for Cdc25 during the progression of S-
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phase. Experiments transplanting mammalian nuclei into Xenopus extracts have shown that 

replication timing can be a!ected by general Cdk levels57. However, in our hands, we find 

that it is Cdk1 activity, traditionally associated with entry into mitosis, rather than Cdk2 

activity, traditionally associated with stimulation of S-phase, that advances late replication. 

"is raises the intriguing possibility that late-replicating sequences are sensitive to Cdk1 

when they are not sensitive to Cdk2.

 We do not know how Cdk1 advances late replication. In normal interphase 14, string 

is not expressed (to replace the downregulated Cdc25) until after S-phase is complete. "us, 

it seems unlikely that the normal firing of late sequences involves Cdk1 activity. In the pre-

MBT cycles, Cdk1 may parallel established roles for Cdk in firing origins, acting on targets 

that are normally targeted by Cdk2. Work in yeast has established that Cdk has an essential 

role in origin firing by enabling the recruitment of required components to the fork after 

phosphorylating the replication proteins, Sld2 and Sld358-60. "e phosphorylation control of 

Sld3 by Cdk is conserved to mammals, where presumably Cdk2—the major S-phase kinase

—acts on it61. Perhaps the major di!erence in the late-firing origins is that, when the early-

firing origins can be acted on by Cdk2, the late-firing origins are resistant—either at the as-

yet undiscovered Drosophila homolog of Sld3 or another component. We propose that these 

origins are sensitive to stimulation by Cdk1, however, as we think happens in the pre-MBT 

cycles. In this case, Cdk1 may act in place of Cdk2, on the components it would usually 

phosphorylate; after all, in mice, the mitotic Cdks can compensate for deletions of the S-

phase Cdks62. However, another possibility is that Cdk1 acts on substrates that are not 

usually the target of cyclin-dependent kinases. Work in yeast has shown that Mcm4, an 

essential component of the replicative helicase, is one of the major targets of Dbf4-dependent 

kinase, a kinase ordinarily required for DNA replication63. Dbf4-dependent kinase 

phosphorylates the N-terminal domain of Mcm4, which seems to have a replication-
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inhibiting function, thereby permitting replication. A deletion of this inhibitory domain 

allows replication in the absence of Dbf4-dependent kinase, however, a cluster of potential 

Cdk-phosphorylation sites (SP), which are not ordinarily required for the function of Mcm4 

become necessary. "is suggests that Mcm4 may be a potential target of both Dbf4-

dependent kinase and Cdk. If this were true in Drosophila as well, then perhaps Cdk1 could 

relieve a block to replication at late-replicating origins that is not normally relieved by any 

cyclin-dependent kinase. Elucidation of Cdk1’s target in DNA replication is an exciting 

subject for future study.

2.4.4: A second DNA replication checkpoint?

A surprising feature of our experiments is that ectopic induction of mitotic activators does 

not provoke mitosis before completion of S-phase, which would lead to mitotic catastrophe. 

"is is further highlighted by our results that even in aphidicolin-slowed S-phases, treatment 

with Cdc25 or Cdk1AF does not generate mitotic catastrophe, which means that it is 

probably not simply that the kinetics of finishing replication are faster than those of entering 

mitosis. "e previously described replication checkpoint that protects embryos treated with 

aphidicolin acts through Chk1 kinase50, but our treatments should override or bypass Chk1-

mediated inhibitory phosphorylation of Cdk1. "us, we believe that we have exposed a 

second layer of regulation that protects embryos from premature entry into mitosis during 

DNA replication. Because aphidicolin induces a drop in cyclin levels, and this second layer of 

regulation can be bypassed by expression of mitotic cyclins, we believe that this checkpoint 

may act by limiting cyclin activity or levels.

 We are still left with the challenge of explaining the finding that the S-phase 

checkpoint that we have uncovered prevents entry into mitosis with incompletely replicated 

DNA but does not prevent Cdk1 from accelerating S-phase. We note, however, that it has 
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been shown that the Cdk activity required to trigger S-phase is less than that required to 

activate mitosis64. "us, this checkpoint might be e!ective enough to block mitosis, but 

permit a rise in Cdk1 activity su#cient to stimulate the replication of late-replicating 

sequences, and thus promote the completion of S-phase. "is organization could help 

safeguard against disruptions in DNA replication. "e dramatic developmental changes in S-

phase that we have described expose unappreciated aspects of its regulation that should 

provide a context for their further investigation.
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2.6: Figures, Tables, and Movies
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Figure 2.1: cdc25 mRNA injection induces a successful, early mitosis in cycle 14 during 

what would ordinarily be S-phase. (a) Embryos injected with string mRNA have similar 

levels of String protein in cycle 14, compared to uninjected pre-MBT embryos. Lanes were 

loaded with aliquots equivalent to either 1 or & embryo from pooled extracts of 3 

embryos. "e pre-MBT sample is from cycle 11 embryos. Time into cycle 14 was estimated 

by nuclear length. (b, c) Stills from movies following His2AvD-GFP embryos injected 

during cycle 13 with (b) twine or (c) string mRNA. Times displayed are time after mitosis 

13. "e region undergoing division (dotted line) is localized near the point of injection (left 

pole). "e twine-injected embryo (b) exhibited a single mitosis after a 21 minute interphase. 

"e string-injected embryo (c) exhibited two successive induced mitoses—the first (dotted 

line) after a 23 minute interphase, and the second (dashed line in panels 3 and 4) about 35 

minutes later.  "e normal onset of gastrulation movements has shifted nuclear positions in 

panel 4. 
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Figure 2.2: Early mitoses induced by cdc25 mRNA do not undergo catastrophe or occur 

before replication of late replicating DNA sequences. (a) "ese high magnification views 

of the induced mitosis in an embryo injected with String mRNA show no DNA bridging at 

anaphase (see especially panels 23:01 and 23:36). (b) Induced anaphases in a string mRNA-

injected embryo that was fixed 22 minutes after mitosis 13. Hoechst staining of the DNA 

(green) shows no evident bridging of the DNA, and the in situ hybridization signals for the 

X-chromosomal 359 satellite (red) and the Y-chromosomal AATAC satellite (cyan) show 

distinct foci of these late-replicating sequences in each segregating complement.  Scale bars 

represent 10 µm.
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Figure 2.3: Late-replicating sequences replicate prematurely during a Cdc25-accelerated 

S-phase. (a) A timeline illustrating when the AATAC satellite sequence and the pericentric 

sequences replicate in S-phase 14 of an untreated embryo10. (b) A schematic of the 

experiment shown in Figure 2.3c–d. string mRNA was injected (Figure 1.3d) in cycle 13 

(green arrowhead), fluorescent nucleotide (dUTP) was injected in mid S-phase 14 (orange 

arrowhead), and embryos were fixed shortly after (black arrowhead) to give a brief labeling 

period (orange/grey stripes). (c) A region of an untreated embryo fixed 22 minutes after 

mitosis 13. All nuclei exhibit multiple puncta of incorporation (orange), and in most nuclei 

incorporation colocalizes with the late-replicating AATAC satellite sequence (cyan alone, 

white in overlap). (d) Regions of two string mRNA-injected embryos fixed 22 minutes after 

mitosis 13. Many nuclei (open arrowheads) lack incorporation (orange). Labeled nuclei show 

restricted apical foci (closed arrowhead) that do not colocalize with the AATAC satellite 

(cyan). (e) Cross sectional (left) and en face (right) views of fluorescent nucleotide 

incorporated late (~40-45 min post mitosis 13) during S-phase 14 in an untreated 

embryo. Note the focal, apically-located incorporation pattern (orange), which is typical of 

late S-phase 14. Scale bars represent 10 µm.
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Figure 2.4: Injection of cdc25 mRNA after establishment of late replication can shorten 

S-phase 14. Time courses for 50 individual His2AvD-GFP embryos (each represented as a 

separate position on the y-axis) that were induced into an extra mitosis (red circles) by 

injection of string mRNA (blue triangles) or twine mRNA (yellow triangles). Other 

experimental embryos (18) that did not undergo an induced mitosis are omitted from the 

graph, but are tabulated in Table 2.1. A live record of each embryo spanned the time course 

except for a brief interruption around the time of injection. Time (x-axis) is recorded in 

relation to the end of mitosis 13 (thick vertical line). A black bracket highlights embryos 

injected during S-phase 14 with shortened S-phases.
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Treatment A!ected 
Fraction
A!ected 
Fraction

I14 length (a!ected )I14 length (a!ected )I14 length (a!ected )

No treatment 0/11 1:20:02 ± 2:53

(S-phase is 50 
minutes)

(S-phase is 50 
minutes)

(S-phase is 50 
minutes)

Cdc25 (all) 50/68 (74%) 28:16 ± 14:33

Cdc25 in cycle 13 21/31 (68%) 16:38 ± 7:11

      Stg in cycle 13 14/14 (100%) 14:41 ± 5:01

      Twe in cycle 13 7/17 (41%) 20:31 ± 9:33

Cdc25 in cycle 14 29/37 (78%) 36:42 ± 12:35

     (** time from injection to mitosis is 22:33 ± 8:27)     (** time from injection to mitosis is 22:33 ± 8:27)     (** time from injection to mitosis is 22:33 ± 8:27)     (** time from injection to mitosis is 22:33 ± 8:27)     (** time from injection to mitosis is 22:33 ± 8:27)     (** time from injection to mitosis is 22:33 ± 8:27)

Table 2.1: Interphase times after Cdc25 treatment. Treatments are grouped in several ways 

to illustrate their relative e#cacy. For Cdc25 in cycle 14, the time between injection and 

entry into mitosis is also given (**). Cdc25 in cycle 14 is not broken up into separate Stg and 

Twe categories because the range of injection times in cycle 14 is not comparable for the two. 

“A!ected fraction” is a!ected/total injected) and “I14 length” is in hr:min:sec ± the standard 

deviation and is calculated from only the a!ected embryos. 
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Figure 2.5: Co-injection of cdk1AF mRNA and cycB or cycB3 mRNA induces an early, 

successful mitosis during what would normally be S-phase. (a–e) His2AvD-GFP embryos 

were injected at the left pole with cdk1AF mRNA, either alone or in combination with cycA, 

cycB, or cycB3 mRNA, as indicated, in cycle 13. Dotted lines surround regions of the embryo 

during or after an early mitosis. Times displayed are time within interphase 14. Scale bars 

represent 20 µm. (a) An embryo injected with only cdk1AF mRNA entered an induced 

mitosis, but only after an interphase that is longer (72 min) than a normal S-phase. (b) An 

embryo injected with cdk1AF and cycA mRNAs went into an induced mitosis, but only after 

an interphase 14 (70 minutes) that was longer than a normal S-phase. (c) An embryo 

injected with cdk1AF and cycB mRNA entered a successful induced mitosis 24 minutes after 

mitosis 13, indicating a shortened S-phase. White boxes highlight regions that are shown in 

closeup view in the panels to the right, (c’) and (c’’). (d) An embryo injected with cdk1AF 

and cycB3 mRNAs that went into an induced mitosis, but only after an interphase 14 (62 

minutes) that was longer than a normal S-phase. "is embryo is representative of about 83% 

of those injected with cdk1AF and cycB3 mRNAs. (e) An embryo injected with cdk1AF and 

cycB3 mRNAs that went into an induced mitosis 32 minutes after mitosis 13, indicating a 

shortened S-phase. "is embryo is representative of about 17% of those injected with cdk1AF 

and cycB3 mRNAs. (f ) A western blot with anti-PSTAIR antibody, comparing expression of 

injected Cdk1AF with endogenous Cdk1. 
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Treatment n Interphase 14 lengthInterphase 14 lengthInterphase 14 length S-phase?

No treatment 11 1:20:02 ± 2:53

Cdc25 21 16:38 ± 7:11 Shortened

Cdk1AF 12 1:15:59 ± 8:12

Cdk1AF + CycA 32 1:05:49 ± 15:0
9

Cdk1AF + CycB (all) 19 42:08 ± 16:3
8

Cdk1AF + CycB (shortened) 13 33:02 ± 7:21 Shortened

Cdk1AF + CycB (unshortened) 6 1:01:52 ± 13:3
4

Cdk1AF + CycB3 (all) 23 1:00:49 ± 18:3
6

Cdk1AF + CycB3 (shortened) 4 32:51 ± 1:55 Shortened

Cdk1AF + CycB3 (unshortened) 19 1:06:43 ± 14:3
2

Table 2.2: Average length of interphase 14 following expression of di!erent mitotic 

inducers. Times are given ± standard deviation. Cdk1AF+CycB and Cdk1AF+CycB3 are 

shown both as the entire treated population (“all”) and as subpopulations with and without 

shortened S-phases (“shortened/unshortened”). Data for Cdc25 and no treatment are 

reproduced from Figure 2.4 for purposes of comparison.
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Figure 2.6: Increased Cdk1 activity accelerates replication, while decreased Cdk1 

activity slows replication, visualized by PCNA. Embryos were filmed after injection with 

purified GFP-PCNA protein and (a, f ) nothing, (b) string and cycB mRNAs, (c) cycB 

mRNA, (d) cdk1AF and cycB mRNAs, (e) cdk2AF and cycE mRNAs, or (g) dsRNA against 

cycA, cycB, and cycB3. Time into interphase 14 is marked above the micrographs. An asterisk 

(*) before the time indicates a micrograph in which no PCNA foci are visible. In some 

panels, an open arrowhead highlights the last visible late PCNA focus. Also, in some later 

timepoint micrographs (e.g. Figure 2.6a, 44:07), the nuclei can be observed changing shape, 

which is a normal side e!ect of cellularization which is happening during cycle 14. Scale bar 

indicates 10µm. (h) An anti-HA western blot comparing expression of Cdk1AF and Cdk2AF 

after injection of their respective mRNAs. (i) Anti-cyclin Western blots comparing the levels 

of Cyclins A and B in uninjected embryos and those injected with purified GFP-PCNA 

protein. Times given are minutes in interphase 14. 
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Figure 2.7: Limited cyclin acts as a replication checkpoint in the absence of inhibitory 

Cdk1 phosphorylation. His2AvD-GFP embryos injected with mRNA in cycle 13 and 

aphidicolin in cycle 14. Times displayed are time within interphase 14. Scale bars represent 

10 µm. (a) An embryo injected with string mRNA undergoing an induced, but aphidicolin-

delayed mitosis. Representative unbridged anaphase chromosomes are boxed and shown at 

high magnification. (b) An embryo injected with cdk1AF mRNA and then aphidicolin with a 

successful anaphase. Entry into mitosis is highly asynchronous in these embryos, but 

representative unbridged anaphase chromosomes are boxed and shown at high magnification. 

(c–e) Pairs of embryos injected with cdk1AF and (c) cycA, (d) cycB, or (e) cycB3 mRNAs, then 

aphidicolin. A range of phenotypes resulted, and embryos with weaker and stronger anaphase 

bridging phenotypes are displayed. Representative anaphase chromosomes with bridged 

DNA are boxed and shown at high magnification. (f ) Two embryos injected with string and 

cycB mRNAs then aphidicolin. A range of phenotypes resulted, and embryos with weaker 

and stronger anaphase bridging phenotypes are displayed. Representative anaphase 

chromosomes with bridged DNA are boxed and shown at high magnification. (g) Western 

blot, documenting levels of mitotic cyclin over time in cycle 14 after treatment with 

aphidicolin. Times given are time in interphase 14. 
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Treatment Interphase 14 
length

Interphase 14 
length

Interphase 14 
length

Bridging n

Aphid. 1:39:00 ± 5:09 None 8

Aphid. + String 1:01:56 ± 8:19 Very minor 8

Aphid. + Cdk1AF 1:33:43 ± 7:13 None 5

Aphid. + Cdk1AF + 
CycA

   54:54 ± 8:40 Major 8

Aphid. + Cdk1AF + 
CycB

   53:50 ± 11:0
7

Major 4

Aphid. + Cdk1AF + 
CycB3

   56:38 ± 7:39 Major 8

Aphid. + String + CycB 1:10:57 ± 8:22 Medium 8

Table 2.3: Interphase length and degree of mitotic catastrophe after aphidicolin 

treatment. Quantification of the length of interphase 14 (given as mean ± standard 

deviation, hours:minutes:seconds) and amount of bridging observed in embryos treated with 

aphidicolin and di!erent mitotic activators. 
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Figure 2.8: A model of how declining Cdc25 and Cdk1 activity result in S-phase 14 

prolongation. (a) Cdk1 activity is low throughout S-phase 14, first due to low cyclin, then 
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low Cdc25 (as a result of its developmental downregulation), which allows late-replicating 

sequences to replicate late and S-phase 14 to be long. (b) Our injections of Cdc25 mRNA 

raise the level of Cdc25 during S-phase 14, causing higher Cdk1 activity, which causes the 

late-replicating sequences to replicate early, leading to a shortened S-phase. (c) In the pre-

MBT S-phases, such as cycle 13 depicted here, all sequences basically replicate early, with 

only a couple of minutes di!erence in the time that individual sequences replicate. We 

propose that, while the late-replicating sequences are specified, Cdk1 activity during the pre-

MBT S-phases results in the early replication of late-replicating sequences during those cycles 

as well, leading to their short S-phases. (d) Our injections of RNAi against the mitotic 

cyclins extend the length of S-phase 13. We propose this is due to a reduction in Cdk1 

activity which is necessary to advance the late-firing sequences in the pre-MBT S-phases.
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Movie 2.1: Injected twine mRNA induced a successful, early mitosis in cycle 14 during 

what would ordinarily be S-phase. "is embryo was injected in the left pole with twine 

mRNA during interphase 13. Mitosis 13 ended at 0:06:38, and an induced mitosis 14 began 

at 0:27:19, after an interphase 14 that lasted 20:41. "is interphase was considerably shorter 

than a normal S-phase 14 (50 minutes). Note the unbridged anaphase chromosomes at 

0:32:35. Gastrulation movements are apparent beginning at 0:58:27. "e first mitotic 

domain, comprising part of the patterned mitosis that would normally be mitosis 14, began 

at 1:28:14, just to the right of center of the movie. Additional mitotic domains are visible at 

1:29:31 at the very left of the movie, and at 1:46:21 in the region that underwent the 

induced mitosis.

Movie 2.2: Injected string mRNA induced a successful, early mitosis in cycle 14 during 

what would ordinarily be S-phase. "is embryo was injected in the left pole with string 

mRNA during interphase 13. Mitosis 13 ended at –0:13:47 (before this movie starts), and an 

induced mitosis 14 began at 0:09:29, after an interphase 14 that lasted 23:12. "is 

interphase was considerably shorter than a normal S-phase 14 (50 minutes). Note the 

unbridged anaphase chromosomes at 0:14:12. An induced mitosis 15 began at 0:51:01, after 

an interphase 15 that lasted 35:40. Note the unbridged anaphase chromosomes at 0:55:48 

and 0:57:00. "is second mitosis left nuclei less well-spaced and less organized because it 

occurred during gastrulation movements, which are apparent from 0:54:37 onwards. Mitotic 

domains began to enter mitosis at 0:59:26, in the pattern that would characterize a normal 

mitosis 1416. "ey are first evident on the left side of the movie, near the border of the first 

induced mitosis, and then later on the right side of the movie at 1:05:22. "is movie is 

comprised of two fields of view that were stitched together manually.
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Movie 2.3: "e early mitosis induced by injected string mRNA does not show any 

anaphase bridging. "is movie shows two high-magnification fields of view from an embryo 

that was injected at one pole with string mRNA. "e left field of view is from the pole of the 

embryo that went through an induced mitosis, and the right field of view is from the 

una!ected pole of the embryo. "e time of mitosis 13 in this embryo is unknown. "e 

induced mitosis began at 0:13:12, and anaphase began at 0:22:27. Note the unbridged 

anaphase chromosomes at 0:23:01, 0:23:36, 0:24:10, and 0:24:45. "e concurrent nuclear 

shape changes in the una!ected panel (0:19:35–0:34:28) are representative of nuclei 

undergoing cellularization, which normally occurs at this time, and the same changes can be 

seen in the nuclei in the a!ected panel, after they complete their induced mitosis, beginning 

at 0:36:44.

Movie 2.4: Injection of cdk1AF mRNA induced an early mitosis, but only after S-phase 

would normally be complete. "is embryo was injected in the right pole with cdk1AF 

mRNA during interphase 13. Mitosis 13 ended at 0:17:38, and an induced mitosis 14 began 

at 1:28:41 after an interphase 14 that lasted 1:11:03. "is interphase was longer than a 

normal S-phase 14 (50 minutes). Note the slow course of mitosis across the embryo over the 

following 40 minutes and the lack of DNA bridging during anaphase (see, for instance, 

1:34:16 and 1:44:04). "is movie is comprised of two fields of view that were stitched 

together manually. 

Movie 2.5: Like injection of cdc25 mRNA, co-injection of cdk1AF mRNA with cycB 

mRNA can accelerate S-phase. "is embryo was injected in the right pole with a mixture of 

cdk1AF and cycB mRNA during interphase 13. Mitosis 13 ended at 0:12:20 and an induced 

mitosis 14 began at 0:34:36, after an interphase 14 that lasted 22:16. "is interphase was 
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considerably shorter than a normal S-phase 14 (50 minutes). Note the lack of DNA bridging 

during anaphase at 0:43:19. "is movie is comprised of two fields of view that were stitched 

together manually.

Movie 2.6: Acceleration of replication by coinjection of string and cycB mRNAs or 

cdk1AF and cycB mRNAs can be visualized by GFP-PCNA. "is movie shows 

SEQUENTIALLY all of the treatments of embryos injected with GFP-PCNA protein from 

Figure 5. It includes treatments in cycle 14 (GFP-PCNA only at 0:00:00, GFP-PCNA + 

string mRNA + cycB mRNA at 0:00:10, GFP-PCNA + cycB mRNA at 0:00:15, GFP-PCNA 

+ cdk1AF mRNA + cycB mRNA at 0:00:26, and GFP-PCNA + cdk2AF mRNA + cycB mRNA 

at 0:00:31) as well as the cycle 13 treatments (GFP-PCNA only at 0:00:41, and GFP-PCNA 

+ mitotic cyclin dsRNA at 0:00:47). "e time in the upper-right corner of each movie is the 

time into interphase 14.

Movie 2.7: Aphidicolin delayed the entry into mitosis in embryos injected with string 

mRNA and did not induce mitotic catastrophe. A high-magnification view of an embryo 

that was injected with string mRNA during interphase 13 and aphidicolin shortly after the 

completion of mitosis 13. Mitosis 13 ended at –0:21:52 (before the beginning of the movie), 

and mitosis 14 began at 0:58:04, after an interphase 14 that lasted 1:19:56. "is is 

considerably longer than the average interphase 14 in embryos injected with String mRNA 

(16:38), indicating a delay induced by the aphidicolin. Note the lack of DNA bridging 

during anaphase (see especially 1:06:34–1:08:56).

Movie 2.8: Aphidicolin delayed the entry into mitosis in embryos injected with cdk1AF 

mRNA and did not induce mitotic catastrophe. A high-magnification view of an embryo 
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that was injected with cdk1AF mRNA during interphase 13 and aphidicolin shortly after the 

completion of mitosis 13. Mitosis 13 ended at –0:13:25 (before the beginning of the movie), 

and mitosis 14 began at 1:12:55, after an interphase 14 that lasted 1:26:20. "is is slightly 

longer than the average interphase 14 in embryos injected with cdk1AF mRNA (1:15:59), 

indicating a slight delay caused by the aphidicolin. While nuclei began to become somewhat 

disorganized beginning at 0:53:14, the induced mitosis proceeded without bridging of the 

DNA (see especially 1:23:43, 1:25:08, 1:26:32, and 1:27:28).

Movie 2.9: Embryos injected with aphidicolin, cdk1AF mRNA and cycB mRNA 

underwent mitotic catastrophe. A high-magnification view of an embryo that was injected 

with cdk1AF mRNA and cycB mRNA during interphase 13 and aphidicolin shortly after the 

completion of mitosis 13. Mitosis 13 ended at –0:29:27 (before the beginning of the movie), 

and mitosis 14 began at 0:26:00, after an interphase 14 that lasted 55:27. "is is slightly 

longer than the average interphase 14 in embryos injected with cdk1AF mRNA and cycB 

mRNA (42:08). However, when nuclei entered mitosis, the chromosomes failed to separate 

during anaphase (see 0:38:35–0:41:30), indicating that DNA replication was incomplete.

Movie 2.10: Aphidicolin delayed the entry into mitosis in embryos injected with string 

mRNA and cycB mRNA, but mitosis resulted in bridged chromosomes during anaphase. 

A high-magnification view of an embryo that was injected with string mRNA and cycB 

mRNA during interphase 13 and aphidicolin shortly after the completion of mitosis 13. 

Mitosis 13 ended at –0:28:21 (before the beginning of the movie), and mitosis 14 began at 

0:40:56, after an interphase 14 that lasted 1:09:17. "is is considerably longer than the 

average interphase 14 in embryos injected with string mRNA (16:38), indicating a delay 

induced by the aphidicolin. However, nuclei entered mitosis and the chromosomes failed to 
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separate during anaphase (see 0:52:04–0:55:29), indicating that DNA replication was 

incomplete. "is embryo exhibited a greater degree of DNA bridging than was observed in 

embryos treated with aphidicolin and string mRNA (see Movie S6). Gastrulation movements 

are evident in this movie beginning at 0:49:28, including the dramatic invagination of the 

mesoderm into the ventral furrow (the horizontal dark band across the top of the movie 

where the nuclei have invaginated and are therefore out of the imaging plane).
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2.7: Materials and Methods

2.7.1: Generation of embryonic RNA

A three-hour collection of wild-type (Sevelen) embryos were collected on a grape agar plate. 

"ese embryos were brushed, dry, with a paintbrush into an Eppendorf-style disposable 

homogenizer (Kimble-Chase 749520-0090). 500 µl of Trizol reagent was added, and the 

embryos were homogenized. "is was spun at 12000 x g for 10 minutes at 4°C to remove 

detritus. "e supernatant (between the fat on top and the pellet at the bottom) was 

transferred to a new tube and allowed to sit at room temperature for 5 minutes. 100 µl of 

chloroform was added, the mixture was shaken for 30 seconds, and allowed to sit at room 

temperature for 3 minutes. Centrifuged at 12000 x g for 15 minutes at 4°C to separate the 

phases and transferred the upper, clear, aqueous phase to a new tube. Added 300 µl of 

isopropyl alcohol to precipitate the RNA and incubated at room temperature for 10 minutes, 

then centrifuged at 12000 x g for 10 minutes at 4°C to pellet the RNA. Pipetted o! the 

supernatant, washed with 500 µl of 70% ethanol, then centrifuged at 7500 x g for 8 minutes 

at 4°C to repellet. Pipetted o! supernatant, spun briefly, and pipetted o! remaining ethanol, 

then let air dry until pellet was mostly clear and did not smell of ethanol. Dissolved in 400 µl 

of RNase-free water, measured concentration by spectrometer, and diluted to a concentration 

of 400ng/µl.

2.7.2: Generation of embryonic cDNA

Combined 40 µl of embryonic RNA, 4 µl of 10mM dNTPs, and 4 µl of 0.5 µg/µl oligo(dT). 

Incubated at 65°C for 5 minutes, then 4°C for 1 minute to remove secondary structure. Used 

components from the Invitrogen Superscript II Reverse Transcriptase kit to prepare cDNA. 

Added 8 µl of 10X RT bu!er, 8 µl of 50 mM MgCl2, 8 µl of 100mM DTT, and 4 µl of 

RNaseOUT RNase Inhibitor. Incubated at 42°C for 2 minutes to allow time for priming. 
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Added 4 µl of SuperScript II Reverse Transcriptase. Incubated at 42°C for 50 minutes. 

Terminated reaction at 70°C for 15 minutes, cooled to 37°C, and added 4 µl of RNase H. 

Incubated at 37°C for 20 minutes to destroy duplexed RNA.

2.7.3: Creation of constructs

A description of the construction strategy for constructs used in the study are described first, 

followed by the primers used to generate inserts, followed by the procedures generally used in 

construction.

 2.7.3.1: Plasmid Construction Schemes: For each relevant plasmid (“Final 

Construct”), the insert (“Insert”) was PCR amplified from either plasmid or cDNA library 

template (“Amplified From”) using the primer set (“Primers,” see below) given. "e 

restriction enzyme pair (“Restriction Enzymes”) was then used to clone into the destination 

vector (“Destination Backbone”).

Final Construct Insert Amplified 
from

Primers Restriction 
Enzymes

Destination 
Backbone

pJFStg String pcStg1.8{Edgar
:1990vr}

String cDNA KpnI, NotI pBluescriptII-
KS

pJFTwe Twine cDNA Twine cDNA XbaI, KpnI pBluescriptII-
KS

pJFCdk1AF Cdk1AF unpublished 
construct 
(Mark 
McCleland)

Cdk1AF-SF449 BamHI, NotI SF449{Foley:
1999cn}

pJFCdk2 Cdk2 cDNA Cdk2-SF449 BamHI, NotI SF449

pBS2-XBG Xenopus β-
globin 
5’UTR

Synthesized XBGlobin SacI, NotI pBluescriptII-
KS

62



pBS2-XBG-
GFP

eGFP pAGW{Murph
y:2003te}

eGFP pBS2XBG XhoI, Acc65I pBS2-XBG

pCycA-GFP CycA cDNA dCycA-XBG-GFP HindIII, 
XhoI

pBS2-XBG-
GFP

pCycB-GFP CycB cDNA dCycB-XBG-GFP HindIII, 
XhoI

pBS2-XBG-
GFP

pCycB3-GFP CycB3 cDNA dCycB3-XBG-
GFP

HindIII, 
XhoI

pBS2-XBG-
GFP

pCycE-GFP CycE cDNA dCycE-XBG-GFP EcoRI, XhoI pBS2-XBG-
GFP

 2.7.3.2: Primers used: Square brackets [ ] surround restriction sites used for cloning, 

lowercase letters refer to added spacer sequence, and uppercase letters indicate the portion of 

the primers that anneal to the relevant gene sequence.

Primer 5’ – Sequence – 3’
String cDNA Fwd tat[ggtacc]TCGTTCTCAGTTCGTCGTCGA
String cDNA Rev tactcgtg[gcggccgc]cgataagcttgatatcgaattc
Twine cDNA Fwd gact[tctaga]CAATCGAAATCACTGCGCAC
Twine cDNA Rev tat[ggtacc]TGACCGATGTAGGTGGAATC
String C379A Fwd CGCAACATCATTATCTTCCACGCCGAATTCTCCTCGGAGCGTGGA

String C379A Rev TCCACGCTCCGAGGAGAATTCGGCGTGGAAGATAATGATGTTGCG

Twine C318A Fwd CGACGCATCTACGTCTTCCACGCTGAGTTCTCCTCGGAACGGGGT

Twine C318A Rev ACCCCGTTCCGAGGAGAACTCAGCGTGGAAGACGTAGATGCGTCG

Cdk1AF-SF449 F cg[ggatcc]ATGGAGGATTTTGAGAAAATTGAGA
Cdk1AF-SF449 R ataagaat[gcggccgc]TTAATTTCGAACTAAGCCCGATTGA
Cdk2-SF449 Fwd cg [ggatcc] ATGACCACCATTCTAGATAACTTTCA
Cdk2-SF449 Rev ataagaat [gcggccgc] TCAGACGAGCCGCGTTAGA
Cdk2AF Fwd GCCGAAAAGATTGGCGAGGGCGCCTTCGGTATAGTTTACAAAGCGCG

T
Cdk2AF Rev ACGCGCTTTGTAAACTATACCGAAGGCGCCCTCGCCAATCTTTTCGG

XBGlobin Fwd /5Phos/
CGCTTGTTCTTTTTGCAGAAGCTCAGAATAAACGCTCAACTTTGGCA
GATCACCATGGCCTGC
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XBGlobin Rev /5Phos/
GGCCGCAGGCCATGGTGATCTGCCAAAGTTGAGCGTTTATTCTGAGC
TTCTGCAAAAAGAACAAGCGAGCT

eGFP pBS2XBG Fwd aatccg[ctcgag]ATGGTGAGCAAGGGCGAGGA
eGFP pBS2XBG Rev aatcgg[ggtacc]TTACTTGTACAGCTCGTCCATGCC
dCycA-XBG-GFP Fwd agatca[aagctt]GCCAGTTTCCAGATCCACCA
dCycA-XBG-GFP Rev agatca[ctcgag]AAACTTATAAAACAAATTCACGT
dCycB-XBG-GFP Fwd agatca[aagctt]GTGGGCACAACACTGAAAATGCG
dCycB-XBG-GFP Rev agatca[ctcgag]TTTCCTCTGGCTCTGGCCCA
dCycB3-XBG-GFP Fwd cg[aagctt]ATGGCGCCCACAAAAGCAA

dCycB3-XBG-GFP Rev at[ctcgag]CGACAGATTGCTTTCGTTCAGG
dCycE-XBG-GFP Fwd agatca[gaattc]GGTTTAAATGCCAAGAGTGTTTG
dCycE-XBG-GFP Rev agatca[ctcgag]GGGATTGCTTCTACTGCTGC

 2.7.3.3: Cloning procedure: Inserts were amplified by PCR (39 µl water, 5 µl 10x 

HiFi PCR Bu!er, 2 µl 50 mM MgSO4, 1 µl 10 mM dNTP, 0.25 µl Invitrogen Platinum Hi-

Fi Taq, 1 µl template, 1 µl each 10 µm forward and reverse primers) using the program 94°C 

2 min, 35 cycles: 94°C 30 seconds / 55°C 40 seconds / 72°C 1 min per kb, 72°C 5 minutes, 

10°C forever). "ey were then cleaned up using Qiagen PCR Purification columns, 

according to manufacturers instructions, except using only 25 µl of water to elute (let sit on 

column 2 minutes before centrifuging). "e insert was then digested using NEB restriction 

enzymes (25 µl purified PCR product, 3.5 µl bu!er, 3.5 µl 10x BSA, 1.5 µl each enzyme) for 

3 hours and the backbone was digested similarly (8 µl plasmid, 1.5 µl bu!er, 1.5 µl 10x BSA, 

1 µl each enzyme, 2 µl water). "e digested products were then run on a 1% agarose TAE gel 

and bands were cut out on a UV transilluminator. "e DNA was then eluted from the gel 

using MP Biomedicals Geneclean III Kit, with a modified protocol (Add 900 µl sodium 

iodide and 60 µl TBE modifier to each gel slice, incubate at 55°C for 10 minutes or until 

dissolved vortexing occasionally. Add 8 µl glassmilk, rock on a rotator for 5 minutes. Pellet 

with a 10 second quick spin, wash twice with 750 µl wash bu!er by resuspending 

completely. Pellet with a 10 second quick spin, remove all liquid, dry pellet until no ethanol 

can be smelled. Add 12 µl of water, elute for 5 minutes with occasional flicking. Spin down 

and move supernatant, which contains the eluted DNA, to a fresh tube.) NEB T4 DNA 
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ligase was used to ligate insert into vector (1.5 µl vector, 4 µl insert, 1.5 µl T4 ligase bu!er, 1 

µl T4 DNA ligase, 7 µl water) by incubating at room temperature for 1 hour. "e ligated 

vectors were then transformed into DH5alpha competent cells.

2.7.4: Site-directed mutagenesis

Phosphatase-dead Cdc25 mutants (StgPD and TwePD) were produced by PCR site-directed 

mutagenesis. 4 µl of 10x Pfx bu!er, 0.6 µl 10mM dNTP, 0.4 µl 50mM MgSO4, 0.6 µl each 

10uM forward and reverse primers, 0.4 µl template DNA, 0.32 Invitrogen Platinum Pfx 

Polymerase, and 13 µl water were combined. "e PCR program: 94°C 2 minutes, 16 cycles 

(94°C 20 seconds / 68°C 4 minutes), 4°C forever was used. 1 µl of NEB DpnI restriction 

enzyme was added, and incubated for 1 hour at 37°C to digest template DNA. 1.5 µl was 

transformed into DH5alpha cells, and resultant plasmids were analyzed by restriction digest, 

then sequencing.

 pJFStgPD was created by introducing into pJFStg the Cys379Ala mutation (C1137T 

and G1138C) with the primers “String C379A” Fwd and Rev. pJFTwePD was created by 

introducing into pJFTwe the Cys318Ala mutation (T952G and G953C) with the primers 

“Twine C318A” Fwd and Rev. "e mutations contained in CDK1AF are T14A and Y15F (in 

the DNA sequence, these changes are A40G and A44T). PCR site-directed mutagenesis was 

then used to introduce into pJFCdk2 the mutations T17A and Y18F (in the DNA sequence, 

these changes are A49G and A53T) with the primers “CDK2AF” Fwd and Rev.

2.7.5: in vitro transcription of mRNA

mRNAs were transcribed for injection using Cellscript’s T7 mScript mRNA production 

system (C-MSC11610). Constructs were first linearized by incubating 2 µg plasmid in 8 µl 

water with 1 µl NEBu!er, 1 µl 10X NEB BSA, and 0.25 µl restriction enzyme at 37°C for 3 
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hours. In a modification of CellScript’s protocol, to transcribe, 1.7 µl digested template, 1.8 

µl NTP solution, 0.5 µl 10x transcription bu!er, 0.5 µl 100 mM DTT, and 0.5 µl T7 

enzyme mix were combined at RT and incubated at 37°C for 90 minutes. An exception was 

the String and String-PD RNAs, which were transcribed using Promega T3 RNA Polymerase 

(#P2083), according to the manufacturer’s protocol for “Synthesis of Nonlabeled RNA.” "e 

transcription reaction was cleaned up using the Qiagen RNEasy MinElute Cleanup Kit, as 

described by the manufacturer, but with the drying spin (step 6) extended to 7 minutes, and 

elution volume (step 7) increased to 18 µl and incubated for 2 minutes at room temperature 

before spinning. RNA was quantitated using a "ermo Scientific Nanodrop 1000. In a 

modified version of Cellscript’s protocol, RNA was converted into mRNA by denaturing 

22.5 µg RNA in 28 µl water at 65°C for 5 minutes, icing for 1 minute, adding 3.75 µl 10x 

capping bu!er, 1.9 µl 20mM GTP, 0.38 µl 20mM SAM, 0.95 µl ScriptGuard, 1.5 µl 

mScript Capping Enzyme, and 1.5 µl mScript 2’-O-Methyltransferase. "is was incubated at 

37°C for 1 hour, then 4.5 µl 10x Tailing bu!er, 2.25 µl 20mM ATP, and 1.9 µl Poly(A) 

Polymerase were added and incubated at 37°C for exactly 30 minutes. "e mRNA was 

cleaned up and quantitated as described above. Integrity of the mRNA was verified by 

electrophoresing 1 µl of the product on a standard 1% agarose gel with ethidium bromide 

and looking for a sharp, well-defined band.

 "e table below gives the details of the preparation of each individual injected 

mRNA, including the source plasmid (“Construct”) and enzyme used to linearize the 

plasmid before transcription (“Linearized with”). Most mRNAs were transcribed with T7 

polymerase, but a few required T3 polymerase, as noted in “Transcribed with.” "e final 

concentration used for injections is also given (“Injected at”).

mRNA Construct Linearized with Transcribed with Injected at
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String pJFStg NotI T3 800 ng/µl
Twine pJFTwe Acc65I T7 800 ng/µl
StgPD pJFStgPD NotI T3 1500 ng/µl
TwePD pJFTwePD Acc65I T7 1500 ng/µl
Cdk1AF pJFCdk1AF NotI T7 700 ng/µl
Cdk2AF pJFCdk2AF NotI T7 700 ng/µl
CycA pCycA-GFP XhoI T7 400 ng/µl
CycB pCycB-GFP XhoI T7 400 ng/µl
CycB3 pCycB3-GFP XhoI T7 400 ng/µl
CycE pCycE-GFP XhoI T7 400 ng/µl

2.7.6: Embryo injections and imaging

Drosophila melanogaster expressing histone H2AvD-GFP65 were cultured on standard yeast-

cornmeal-agar medium. Embryos were collected on grape-agar plates for 20-30 minutes and 

then aged at 25°C for 60-90 minutes to the appropriate stage. "ey were dechorionated for 2 

minutes in 50% bleach and washed thoroughly with water, then aligned under a dissecting 

scope on a grape-agar plate and a#xed to a coverslip with glue made from Scotch 3M 

doublestick tape dissolved in heptane. "ey were desiccated for 8-9 minutes and then 

covered in halocarbon oil (Sigma-Aldrich).

 Microinjection needles were made using a P-87 Micropipette Puller (Sutter 

Instruments). "ey were backloaded with solution using Eppendorf Microloader Pipettes 

(5242 956.003). "e needles were then dragged against broken coverslips to produce a 

beveled, approximately 2 µm opening. All injections were performed in 1x PBS. Embryos 

were imaged on a spinning-disk confocal microscope, as described19. For some movies, 

individual embryos were filmed as two fields of view that were stitched together manually.

 Unless otherwise noted, embryos were staged by watching slides with approximately 

40 embryos until the majority of embryos were in cycle 13; the slide was removed from the 
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microscope, the embryos injected, and then those embryos injected in the latter half of cycle 

13 were filmed.

 For the timed injections used in Figure 2.4, embryos were filmed to capture mitosis 

12 or mitosis 13. Filming was then stopped, and embryos were injected without removing 

the slide from the microscope. An image was taken as each embryo was injected to mark the 

time, and filming was then resumed. "e time of injection relative to the beginning of 

interphase 14 was then back-calculated, using each embryo's time of injection, time of 

mitosis 12 or 13, and our observed lengths of interphase 13 and mitosis 13. We estimate this 

gave us accuracy to within 3 minutes.

 For embryos in Figure 2.6, embryos were injected with mRNA in cycle 12 or dsRNA 

against mitotic cyclins in cycle 11, prepared as previously described19. "ey were then 

injected with previously described purified GFP-PCNA protein10.

 For embryos injected with aphidicolin in Figure 2.7, rows of 40 embryos a#xed to a 

slide were first injected with mRNA while the embryos were in cycle 13, as described above. 

"ey were then filmed to capture the time of mitosis 13 in several embryos; all embryos were 

then injected with 0.295 mM aphidicolin in 1% DMSO. Filming was resumed for those 

embryos that had progressed into cycle 14 by the time of injection.

2.7.7: Western blotting

For Figure 2.1a: Histone H2AvD-GFP embryos were injected at one pole with either string 

mRNA or bu!er and observed on the microscope. Embryo age was measured by internuclear 

distance and nuclear length in cycle 14, which were matched to the standard progression10. 

Pre-MBT embryos were in cycle 11, while the post-MBT embryos were 10 and 20 min into 

cycle 14, with nuclear lengths of 6 and 9 µm, respectively. When selected, individual 

embryos were released from the slide with a paintbrush and immediately fixed in methanol-
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heptane. Pools of three embryos were smashed by vortexing with glass beads in 2X SDS 

bu!er (0.1M Tris pH 6.8, 4% SDS, 20% glycerol, 2% 2-mercaptoethanol, bromophenol 

blue) and boiled for 8 minutes. A fraction of the extract, 1/12 or 1/3, was loaded per lane 

(representing 1/4 or 1 embryo, respectively) on a 10% acrylamide gel and electrophoresed, 

transferred to PVDF membrane, and blocked for 2 hours with 5% nonfat dry milk in PBST. 

It was probed overnight with rat anti-String antibody raised by Bruce Edgar during his 

tenure in the lab (that was a#nity purified against 6xHis-String) at 1:1000 in 5% nonfat dry 

milk and then for 1 hour with 1:10000 HRP-conjugated donkey anti-Rat (Jackson Labs). 

"e blot was washed 4x15-min in PBST and 1x5-min in PBS, then treated with Pierce 

Supersignal West Femto Maximum Sensitivity ECL (#34095) and used to expose Phenix 

Blue X-Ray Film (F-BX810).

 For Figures 2.5f and 2.6h: 30 histone H2AvD-GFP embryos in cycle 13 were 

injected at one pole with either bu!er, cdk1AF, or cdk2AF mRNA. "ese embryos were then 

aged 40 minutes, released from the slides with heptane, and transferred to 45µl of 1x 

NEBu!er with Roche Complete EDTA-free protease inhibitor. "ey were smashed using a 

pestle, and incubated with 10 units of calf intestinal phosphatase (NEB) for 30 minutes at 

37°C, then an equal volume of 2x SDS bu!er was added and the samples were boiled for 10 

minutes. 5 embryos worth of pooled extract (15µl) was loaded on a gel, electrophoresed, and 

blotted as above, with a few changes: the primary antibody was either 1:4000 Sigma 

monoclonal anti-PSTAIR (Fig. S1) or 1:500 Roche 12CA5 Anti-HA (Fig. S2), and the 

secondary antibody was 1:10000 HRP-conjugated donkey anti-Mouse (Jackson Labs).

 For Figure 2.6i and 2.7g: Histone H2AvD-GFP embryos were either left uninjected, 

or were injected with either purified Cherry-PCNA protein or aphidicolin. "ey were then 

observed on the microscope and collected at various times in interphase 14 by the procedure 

detailed about for Figure 2.1, except that single embryos (rather than pools of 3) were 
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collected. "ey were blotted Rabbit anti-CycA antibody (made by C. Lehner [University of 

Zurich, Zurich, Switzerland] as detailed in Lehner and O’Farrell, 1989) was used at 1:1000. 

Mouse anti-CycB antibody (F2F4; Developmental Studies Hybridoma Bank) was used at 

1:5.

2.7.8: Monitoring replication and fluorescent in situ hybridizations

Embryos were injected in cycle 13 with String mRNA as described above. "ey were then 

injected with Alexa 546-dUTP as described10. Hand de-vitellinization and in situ 

hybridizations were as described10.
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CHAPTER 3

Mechanism and regulation of Twine 

destruction in embryonic cell cycle 

remodeling
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3.1: Summary

 Background: In Drosophila embryos, the mid-blastula transition (MBT) dramatically 

remodels the cell cycle during interphase 14. Before the MBT, each cycle is composed of only 

a short S-phase and mitosis. At the MBT, S-phase is dramatically lengthened by the onset of 

late replication, and a G2 phase is introduced. Both changes set the stage for gastrulation and 

require downregulation of Cdc25 phosphatase, which was previously attributed to the 

elimination of its transcripts at the MBT.

 Results: Premature removal of cdc25 transcripts by RNAi did not a!ect 

progression to the MBT. Instead, an antibody against the Cdc25 isoform Twine 

showed that Twine protein was abundant and stable until the MBT, when it was 

destabilized and rapidly eliminated. Persistence of pre-MBT levels of Twine was 

su#cient to prevent cell-cycle slowing. Twine protein destruction was timed by the 

nucleo-cytoplasmic ratio and depended on the activation of zygotic transcription at 

the MBT, including expression of the gene tribbles, whose activity was su#cient to 

trigger Twine destruction and was required for prompt Twine disappearance.

 Conclusions: We propose that the developmentally regulated destruction of 

Twine protein is a critical switch that contributes to the cell-cycle change at the 

MBT, including the addition of a G2 phase and onset of late replication. Moreover, 

we show that this destruction is triggered by the nucleo-cytoplasmic ratio-dependent 

onset of zygotic transcription of tribbles and other unknown genes.
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3.2: Introduction

Both of the major cell cycle changes at the mid-blastula transition (MBT) have been linked 

to the decline in cyclin-dependent kinase 1 (Cdk1) activity that occurs at the MBT. 

Normally, Cdk1—the master regulator of mitosis—has very low activity during interphase 

and spikes just before the entry into mitosis (which it triggers)17,18. However, during the pre-

MBT cycles, while Cdk1 activity does continue to oscillate and peak before entry into 

mitosis, it is not reduced as much during interphase, and instead exhibits a constant low level 

of activity18. Increased Cdk1 activity in cycle 14 shortens cycle 14 considerably, both by 

shortening S-phase (see Chapter 2) and by abrogating the G2 gap phase (through its 

canonical role as the major coordinator of mitosis)17. Additionally, decreasing Cdk1 activity 

in the pre-MBT cycles significantly lengthens the cell cycle, both by extending S-phase (see 

Chapter 2) and inducing a premature G2 gap phase19. "us, it seems that that major change 

in the cell cycle at the MBT results from the downregulation of Cdk1.

 Cdk1 has several requirements for its activity that can be modulated at the MBT. 

First, it must be paired with a cyclin partner to be active, and indeed cycle 14 exhibits 

considerably lower levels of cyclin at the beginning of interphase than the preceding cycles18. 

As discussed in Chapter 2 (Figure 2.8), the scarcity of cyclin at the beginning of cycle 14, 

when compared to the preceding cycles, likely provides a bu!er period where Cdk1 is 

inactive. However, experiments that injected purified CycB revealed that there is only a brief 

window at the beginning of interphase 14 where increased cyclin is su#cient to trigger a 

shortened cell cycle55. "us, this indicates that there are other layers of regulation of Cdk1 

that must be triggered at the MBT that are executed during this brief period of time when 

low cyclin maintains Cdk1 inactivity. One of these switches is likely the expression of the 

cyclin-dependent kinase inhibitor (CKI), frühstart44,53. CKIs are a class of proteins that 

associate either with Cdks, cyclins, or their complex, preventing their activity. Frühstart, 
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which inhibits Cdk1 by binding to its cyclin partners52, is first produced in cycle 1453, 

making it a likely contributor to the regulation of Cdk1 at the MBT that leads to the 

lengthening of the cell cycle. However, frühstart mutants do not exhibit widespread failure to 

execute the MBT; instead, only a small fraction of embryos exhibit additional rapid cycles53. 

"us, it seems that there is likely still another layer of regulation responsible for 

downregulating Cdk1 activity at the MBT.

 "e last layer of Cdk1 regulation that seems to change at the MBT is its 

phosphorylation state. Wee121 and Myt123,24,66 kinases phosphorylate cyclin-dependent 

kinases on residues in their ATP-binding pocket20; in the case of Drosophila Cdk1, these 

residues are threonine 14 and tyrosine 15. "is inhibitory phosphorylation inactivates the 

kinase until it is removed by the activity of Cdc25 phosphatase26. Inhibitory phosphorylation 

of Cdk1 is barely detectable before the MBT, but during S-phase 14 the majority of Cdk1 

becomes phosphorylated18. "is accumulation of inhibitory phosphorylation reveals that 

there is likely a decline in Cdc25 activity during early cycle 14 that contributes to the 

inhibition of Cdk1. Moreover, increased Cdc25 gene dosage caused a small number of 

embryos to delay their onset of the MBT by one cycle, while embryos with significantly 

decreased Cdc25 gene dosage occasionally lengthened their cell cycle early31. Experiments 

that raised Cdc25 levels in cycle 14 showed that it was capable of abrogating the lengthening 

of the cell cycle—both S-phase and G2 (see Chapter 2). Finally, the decline in Cdc25 activity 

was shown to cooperate with the production of Frühstart, as increased Cdc25 gene dosage in 

frühstart mutants has a nearly completely penetrant phenotype where the onset of the MBT 

is delayed by one cycle53.

 But then, how does the embryo remove Cdc25 activity in cycle 14 to ensure the 

execution of the MBT? In Drosophila, Cdc25 exists as two homologs—String and Twine—

whose transcripts are abundant before the MBT31. Both homologs are functionally similar, 
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though Twine is specifically required for the meiotic divisions27,29. In pre-MBT embryos, 

both String and Twine are present, and maternal string is dispensable31. Following the MBT, 

the soma expresses only string, thus it is required for subsequent mitoses. String protein levels 

decline gradually over the pre-MBT blastoderm cycles, eventually vanishing shortly before 

the MBT18. String elimination, while critical for the MBT, occurs early enough that it is 

unlikely to trigger the accumulation of Cdk1 inhibitory phosphorylation at the MBT. 

However, the maternally-loaded transcripts encoding both String and Twine turn over during 

cycle 14, beginning at the MBT, which has been proposed to underlie the downregulation of 

Cdc25 activity at the MBT31.

 Here, we investigate whether the elimination of string and twine transcripts is 

su#cient to slow the cell cycle, how the embryo downregulates Cdc25 at the mid-blastula 

transition, and how the embryo times this transition.
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3.3: Results

3.3.1: Premature destruction of cdc25 transcripts does not slow the cell cycle

Previous reports had noted destruction of cdc25 mRNA (both string and twine) in interphase 

14 and attributed the decline in Cdc25 activity and slowing of the cell cycle to this31. To test 

whether decline in Cdc25 transcripts was su#cient to lengthen the cell cycle, we used 

dsRNA against both string and twine to eliminate these transcripts prematurely. "e dsRNAs 

elicited strong knockdown within 25 minutes (Figure 3.1a). Histone-GFP embryos65 were 

injected with the dsRNAs 45 minutes before cycle 12, but imaging revealed no change in the 

length of either interphase 12 or 13 (Figure 3.1b). "is indicates that the elimination of 

string and twine transcripts is insu#cient to trigger the cell cycle change that defines the 

MBT. Given the evidence that Cdc25 downregulation is important at the MBT, this 

suggested its regulation was at another level.

3.3.2: Twine protein is degraded at the MBT

String protein declines during the blastoderm cycles, well before the MBT, making it an 

unlikely candidate for triggering the cell cycle change18. However, the behavior of Twine 

protein at the MBT had not been studied, so to test it, we raised an antibody against full-

length Twine (Figure 3.2a). On a Western blot, the antibody recognized two bands in an 

extract from wild-type embryos: one with an apparent molecular weight of 47 kD and one 

with an apparent molecular weight of 59 kD, when compared to a pre-stained protein ladder, 

though all documented transcripts encode the same predicted polypeptide67. Injection of 

mRNA encoding 3xMyc- and 9xMyc-tagged Twine produced two additional bands, with 

apparent molecular weights of 68 and 84 kD. "e 59 kD band’s size is consistent with it 

being the untagged endogenous Twine, in comparison to the two bands produced by the 

mRNA encoding Myc-tagged Twine. We believe the 47 kD band is merely a background 
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band that is sometimes, but not always, present in our experiments. "us, we do not present 

it in the figures.

 We probed the behavior of String and Twine proteins in the early embryo by 

performing a Western blot on precisely-staged single embryos10. String protein behaved as 

previously described—its level was highest in cycle 8 and declined gradually (Figure 3.2b), 

becoming very low by cycle 12, though not completely eliminated until cycle 14. Twine 

protein, however, behaved quite di!erently. Its levels remained consistently high throughout 

the pre-MBT cycles, and it began to decline only upon entry to cycle 14. At that point, 

however, Twine levels dropped precipitously; a slight decrease was evident 4 minutes into 

cycle 14, and Twine became almost undetectable after 20 minutes.

 By immunofluorescence, Twine exhibited strong nuclear localization during 

interphase and prophase (Figure 3.2c) and weak spindle enrichment during metaphase and 

anaphase (Figure 3.2d). Spindle localization may be relevant to Twine’s requirement in 

meiosis, as its mutant phenotypes include defects in meiotic spindles29. Twine was imported 

back into the nucleus very rapidly after exit from mitosis (Figure 3.2c, “Telo/Int”, compare 

pairs of nuclei that are only seconds di!erent in telophase marked with open and solid 

arrowheads). Immunofluorescence also confirmed Twine’s destruction during cycle 14. 

During interphase 14, cellularization of the syncytial embryo results in highly stereotyped 

elongation of the nuclei. "us, in sagittal sections of embryos, age can be determined by 

nuclear length10. Twine antibody stained nuclei at the beginning of cycle 14 about as 

intensely as in pre-MBT cycles (Figure 3.2e). Note that the yolk, pictured directly below the 

nuclei, fluoresces, but this does not represent staining of Twine protein. As cycle 14 

progressed, evidenced by the lengthened nuclei, Twine staining diminished from 2–21 

minutes, in accord with our analysis by Western blot. "e stainings revealed an interesting 

exception to the cycle 14 destruction of Twine; Twine persisted in the pole cells (Figure 3.2f, 
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closed arrowhead) after its disappearance from somatic cells (open arrowhead). We conclude 

that Twine protein level declines abruptly in the soma early in interphase 14.

3.3.3: Twine protein is highly stable before the MBT

"e decline in Twine protein levels could represent either a change in protein stability at the 

MBT, or a decrease in translation that results in elimination of already unstable protein. To 

di!erentiate between these possibilities, we knocked down twine transcript several cycles early 

by dsRNA injection. Embryos injected with twine dsRNA retained at least half their protein 

for as much as an hour after injection (Figure 3.3a–c, 64 min vs. 1/2 pre). Since twine 

mRNA was e!ectively removed by 25 minutes after injection (Figure 3.1a), this means that, 

before the MBT, half-destruction of Twine requires approximately 30 minutes or more.

 We separately investigated Twine protein stability before the MBT by assaying its 

persistence following the inhibition of translation. We injected cycle 12 and 13 embryos with 

cycloheximide, an inhibitor of translation, aged them, and then blotted single embryos to 

measure remaining Twine protein. Embryos treated with cycloheximide in cycle 12 showed 

almost no change in protein level after treatment—even 50 minutes later, embryos did not 

seem to have significant degradation of the protein (Figure 3.3d). Embryos treated in cycle 

13 exhibited slightly di!erent behavior—there was gradual destruction of Twine (Figure 

3.3e). We conclude that Twine stability changes as the embryo approaches the MBT. It is 

stable in early cycles and half-destruction of Twine takes about 30 min in cycle 13 (Figure 

3.3e: compare 30/31 min vs. 50 or 60 min). "e dramatic decline in its levels in cycle 14 

suggests a much shorter time for half-destruction after the MBT, around 5 min (Figure 3.2b: 

compare 4 min vs. 10 min). "us, Twine protein is destabilized at the MBT, likely due to the 

activation of a protein destruction mechanism. Moreover, Twine’s stability before the MBT 
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explains why dsRNA against string and twine did not a!ect the cell cycle—removal of Cdc25 

transcripts does not eliminate Twine protein.

 We previously established that expression of Twine in cycle 14 prevents the MBT 

changes to the cell cycle—both shortening S-phase and eliminating the G2 (see Chapter 2). 

To estimate how essential activation of Twine destruction is for development, we wanted to 

compare the level of Twine required to shorten the cell cycle to the amount present before 

the MBT. "us, we injected di!erent concentrations of twine mRNA into histone-GFP 

embryos and assayed the percentage with a shortened cell cycle. Increased twine mRNA 

resulted in increased phenotype penetrance (Figure 3.3f ). We then injected embryos with 

twine mRNA and blotted them to assay the amount of Twine protein produced by each 

treatment, compared to pre-MBT embryos. Increased twine transcript resulted in increased 

production of Twine protein (Figure 3.3g). Injection of 600 ng/µl twine mRNA produced 

slightly less Twine protein in cycle 14 than was present before the MBT, but was su#cient to 

cause a cell cycle phenotype in nearly half of treated embryos. "is underscores that the 

timed destruction of Twine protein is critical for executing the MBT, as the amount of Twine 

protein present before the MBT prevents proper slowing of the cell cycle.

 

3.3.4: Twine is destroyed according to the nucleo-cytoplasmic ratio

Since the MBT is exquisitely timed, and Twine destruction is important for triggering it, 

how then is the destruction of Twine scheduled? Slowing of the cell cycle is timed in 

Drosophila embryos by the nucleo-cytoplasmic ratio (NC ratio)—that is, its activation occurs 

when the embryo, through DNA replication and mitosis, amasses a particular amount of 

DNA. Normally, this threshold is reached in cycle 14, but this can be altered by changing the 

DNA content of each nucleus (e.g. with compound chromosomes or translocations), which 

changes the number of cell cycles required to amass the threshold amount of DNA and 
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trigger the cell cycle change40,41. Since the NC ratio times the cell cycle slowing, we tested 

whether it also times Twine destruction by looking in two maternal-e!ect mutants that 

produce haploid embryos, maternal haploid (mh)40,68,69 and sesame (ssm)41,42. Embryos from 

ssm or mh mutant mothers do not incorporate the paternally provided chromosomes into the 

initial mitotic spindle, so it is lost and each nucleus has half the normal amount of DNA42,70. 

"ese embryos lengthen interphase and S-phase 15 instead of 1440.

 Western blots showed that Twine remained stable during cycle 14 in mh and ssm 

embryos (Figure 3.4a–b). An extended time course in ssm mutants showed Twine persistence 

in cycle 14 with a decline in cycle 15 similar to that which usually occurs in cycle 14 in wild-

type embryos (Figure 3.4b). Embryos from sesame mutant mothers stained with Twine 

antibody, staged by nuclear length, confirmed that Twine remained high throughout cycle 

14, was still high when embryos began cycle 15, and declined over the course of cycle 15 

(5.9µm and 6.7µm), all similar to what was seen by Western blot (Figures 3.4c–d). "ese 

results show that the timing of Twine destruction is determined by the NC ratio, as it is 

delayed a cycle when the DNA content of the embryo is reduced.

 We also performed an experiment to see whether embryos had to reach a particular 

NC ratio to activate destruction of Twine protein. To do this, we arrested the cell cycle using 

injection of dsRNA against the mitotic cyclins, which prevented embryos from entering 

mitosis (and thus subsequent S-phases)19. We arrested embryos in both cycles 12 and 13, 

meaning that those embryos never amassed cycle 14 amounts of DNA. Following their last 

mitosis, the embryos were aged for a length of time equivalent to that required to enter cycle 

14, when Twine is normally destroyed in wild-type embryos. We assayed levels of Twine in 

these embryos and found that embryos arrested in cycle 13 eventually destroyed Twine 

rapidly, much as would have been seen in cycle 14 (Figure 3.4e). Embryos arrested in cycle 

12, however, only showed gradual destruction of Twine, rather than the rapid destruction 
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characteristic of the MBT. "us, we conclude that cycle 13 nuclear density in a diploid 

embryo triggers the events that, after a short lag, result in the destruction of Twine in cycle 

14.

 

3.3.5: Twine destruction does not depend on Chk1 phosphorylation

But, how does the NC ratio trigger the destruction of Twine? Data from several systems 

suggested that gradual activation of Chk1 DNA damage kinase as DNA content increased 

could be responsible. For instance, in Xenopus, Cdc25 must also be inactivated to slow the 

cell cycle at the MBT, including the Cdc25A isoform, which seems to be targeted for 

degradation by Chk1 phosphorylation71. Chk1-targeting of Cdc25A for destruction is also 

conserved to mammals72. In Drosophila, maternal grapes (Drosophila’s Chk1 homolog) is 

required for cell cycle slowing the MBT50,73, and String protein does not decline on time in 

grapes mutant embryos74. "us, it seemed that Twine’s destruction may also depend on 

phosphorylation by Chk1.

 To test this, we assayed Twine destruction in grapes mutants by Western blot. We 

confirmed that String protein was stabilized in a grapes mutant (Figure 3.5a), as reported 

previously74. Twine protein was also stabilized, persisting at high levels for more than 40 

minutes, far longer than in a wild-type embryo. "ese findings suggested that degradation of 

Twine may require phosphorylation by grapes. However, the grapes mutant is highly disturbed

—chromosomes exhibit severe bridging of unreplicated DNA during anaphase 13, and the 

embryo arguably never truly starts an interphase 14 due to the chaos that occurs in mitosis 

13. For instance, grapes embryos do not activate zygotic transcription, do not cellularize, and 

do not attempt to gastrulate75.

 Mutation of maternal mnk (the Drosophila homolog of Chk2, also known as loki) 

rescues some defects of the grapes mutant75. Embryos from grapes mnk mutant mothers do 
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not hatch, but they cellularize, exhibit gastrulation movements, and activate zygotic 

transcription. Using this less pleiotropic double mutant that still cannot confer Chk1 

phosphorylation on substrates, we tested whether String and Twine proteins were degraded 

normally in maternal mutant grapes mnk embryos. String protein declined between cycles 12 

and 13, delayed one cycle compared to wild-type. Destruction of Twine protein also occurred 

in grapes mnk mutants (Figure 3.5b), though we are unsure of the timing of this destruction, 

because we conducted this analysis with fixed embryos. grapes mnk embryos go through an 

extra short cycle without segregating their chromosomes, thus cycle 14 and 15 embryos 

cannot be distinguished by nuclear spacing75,76. Because the embryos are cellularizing at the 

time Twine protein is destroyed, we suspect the destruction occurs in cycle 15, which would 

be a delay of one cycle, or about 12 minutes later than normal. "ough the coordination of 

MBT events with cycle 14, including Twine destruction, appears disturbed in the double 

mutant, the activation of an abrupt destruction program for Twine is still observed, leading 

us to conclude that direct phosphorylation by Grapes (or Chk1) is not required for the 

MBT-associated destruction of Twine.

3.3.6: Transcription is required for Twine destruction

How else, then, could the NC ratio determine the timing of Twine destruction? One of the 

most dramatic changes in the embryo at the MBT, aside from the remodeling of the cell 

cycle, is the onset of zygotic transcription. "e transcripts produced enable many of the other 

changes that happen at the MBT, including cellularization and gastrulation. Moreover, the 

transcription of many genes responds to the NC ratio and is delayed one cycle in haploid 

mutants41. Inhibition of zygotic transcription prevents the onset of late replication, which 

requires the destruction of Twine10. Finally, zygotic transcription marks a di!erence between 

grapes and grapes mnk double mutants—grapes mnk embryos activate transcription, whereas 
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grapes embryos do not75. "is suggested that new gene products expressed upon reaching a 

critical NC ratio could be an important trigger for the destruction of Twine. "us, we 

assayed Twine levels in embryos injected with α-amanitin, a toxin that inhibits RNA 

polymerase II, or injected with both α-amanitin and cycloheximide, inhibitors of 

transcription and translation. In vehicle-injected embryos, Twine declined rapidly after the 

MBT (Figure 3.6a, “PBS”), but in embryos injected with α-amanitin, Twine protein was not 

eliminated. It persisted more than 35 minutes into cycle 14 with no apparent change in 

protein level (Figure 3.6a, “α-amanitin”). Embryos injected with both α-amanitin and 

cycloheximide (Figure 3.6b) showed a gradual decline in Twine (half-destruction took longer 

than 28 min, Figure 3.6c), similar to the destruction rate we measured for Twine in cycle 13. 

"us, the addition of drugs that block gene expression prevent the MBT associated increase 

in Twine turnover in cycle 14. Since the slow turnover of Twine in the absence of protein 

synthesis (Figure 3.6b–c) is similar to the turnover in pre-MBT cycle 13 embryos, we 

conclude that new zygotic gene expression is needed to drive the acceleration of Twine 

turnover at the MBT. "e absence of any apparent decay of Twine in α-amanitin alone seems 

to occur because, in the absence of cycloheximide, translation of unusually persistent Twine 

message31 replaces the Twine lost to slow decay.

3.3.7: "e tribbles gene is a key, but not exclusive, contributor to Twine destruction

Of course, the next major question was to determine the identity of the zygotically expressed 

genes involved in Twine destruction. Published results highlighted the kinase-like tribbles as a 

good candidate for a zygotically expressed gene required for Twine destruction. Tribbles 

reduced levels of transfected HA-Twine in cell culture43, and injection of tribbles mRNA 
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arrested embryos in cycle 1344, which could be consistent with premature destruction of 

Twine.

 We first verified that Tribbles could arrest embryos. Injection of tribbles mRNA did 

arrest embryos in interphase near the site of injection (Figure 3.7a), though we found that, 

depending on the time of injection, tribbles mRNA could arrest embryos in cycle 12 as well 

as 13 (Figure 3.7a–b). To see whether this arrest was associated with the destruction of 

Twine, we injected embryos with tribbles mRNA in one pole, fixed them after 20 minutes, 

and stained for Twine. We consistently saw reduced Twine staining near the site of injection 

(Figure 3.7c). First shown is an embryo where the tribbles mRNA caused a small zone of 

cycle 13 arrest (white arrowhead) and significantly reduced Twine staining in the half of the 

embryo near the injected pole. Next shown is an embryo where the tribbles mRNA did not 

cause an arrest, but the injected end of the embryo showed reduced staining, indicating that 

tribbles accelerated Twine destruction. Moreover, this shows that tribbles acceleration of 

Twine destruction does not require cell cycle arrest. We also injected embryos three times 

along their length with tribbles mRNA to express it throughout the embryo and analyzed 

these embryos by Western blot. We saw significant reduction in Twine levels in cycle 12 and 

cycle 13 embryos (Figure 3.7d), so that they resembled those midway through the Twine 

destruction program that normally occurs in cycle 14. "ese results show that tribbles 

expression is su#cient to trigger destruction of Twine protein. Moreover, consistent with the 

result that tribbles expression can induce arrest in cycles 12 or 13, it can also trigger Twine 

destruction in cycles 12 and 13.

 In addition to being capable of triggering Twine destruction, tribbles seems to be 

transcribed at the proper time to cause the observed program of Twine destruction. RNAseq 

experiments performed by Lott et al.15 with single, staged embryos have shown that tribbles 

mRNA is upregulated at the MBT (Figure 3.7e). "ere is a small amount of maternal 
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transcript loaded, but this begins to increase, first slightly in cycle 13, then dramatically in 

the first half of cycle 14. "is is consistent with the very slight destabilization of Twine 

protein in cycle 13 and its dramatic destabilization in cycle 14. Moreover, a microarray study 

performed by Lu et al.41, compared expression levels in haploid and diploid embryos and 

showed that the major accumulation of tribbles transcript is delayed one cycle in haploid 

embryos (Figure 3.7f ). "is suggests that tribbles responds to the NC ratio. "us, the 

transcriptional profile of tribbles mirrors what would be expected of a zygotic transcript that 

regulated Twine destruction.

 However, while the phenotype of zygotic tribbles mutants suggested that it plays a 

role in triggering the MBT, it did not support the hypothesis that tribbles alone is responsible 

for the destruction of Twine. A small percentage of embryos that are zygotically mutant for 

tribbles have a short interphase 1443, but far fewer embryos than would be expected if there 

were no turnover of Twine (Figure 3.3g). To determine the degree to which tribbles mutants 

stabilized Twine, we injected wild-type embryos with dsRNA against tribbles to prevent its 

expression and stained them with Twine antibody (Figure 3.7g). "ese embryos showed 

continued presence of Twine protein near the site of injection after it was already degraded in 

the rest of the embryo. "is suggested that tribbles expression is involved in the MBT 

destruction of Twine. We then injected embryos along their length with tribbles dsRNA and 

found that, in these embryos, the elimination of Twine was slowed, although it was not 

completely eliminated (Figure 3.7h). To determine whether the e!ect of tribbles knockdown 

was through stabilization of Twine protein, we injected embryos with either twine dsRNA or 

a combination of twine and tribbles dsRNAs. Knockdown by twine dsRNA prevented further 

translation of Twine, allowing comparison of the perdurance of Twine protein at the MBT 

with and without expression of tribbles at the MBT, depending on whether it was knocked 

down with dsRNA. Twine protein persisted longer (half-destruction took approximately 20 
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minutes) in embryos injected with tribbles dsRNA than those that were not (Figure 3.7i), but 

it was not as stable as in pre-MBT embryos (Figure 3.3c). "ese results indicate that zygotic 

transcription of tribbles contributes to the destruction of Twine at the MBT. Since it is 

su#cient to destroy Twine, and its transcription is strongly upregulated at the MBT in an 

NC-dependent manner, we suggest tribbles is one of the transcripts that regulates Twine 

destruction and thus the cell cycle change at the MBT. However, the low-penetrance cell 

cycle phenotype and only partial stabilization of Twine in the absence of tribbles suggests that 

there is another input that participates as well. Further, since inhibition of transcription 

nearly completely prevents the elimination of Twine, this suggests that the other input is an 

additional, unidentified gene that is expressed at the MBT. 
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3.4: Discussion

 Our findings outline a linear regulatory cassette that contributes to MBT timing and 

slowing of the cell cycle—increasing NC ratio triggers zygotic expression, including tribbles, 

which activates Twine protein destruction. "is promotes the downregulation of Cdk1, 

which underlies both extension of S-phase and introduction of a G2. We propose that the 

primary mode of Cdc25 downregulation at the MBT is via destruction of Twine protein, 

rather than the elimination of its mRNA as has been previously proposed. Moreover, we 

propose that the NC ratio times cell cycle slowing by triggering transcription of multiple 

genes that act in parallel to downregulate Cdk1 in cycle 14, including by activation of Twine 

destruction. 

3.4.1: Destruction of Twine protein is critical for the MBT

Slowing of the cell cycle at the MBT—both onset of late replication and addition of a G2—

correlates with the decline in Cdk1 activity17,18,77. Premature downregulation of Cdk1 

advanced the slowing of the cell cycle and increased Cdk1 activity in cycle 14 prevented cell 

cycle slowing by causing early replication of late replicating DNA sequences and early entry 

into mitosis77. Together, these results argued that the downregulation of Cdk1 regulates the 

slowing of the cell cycle.

 Cdk1 is downregulated in cycle 14 by accumulation of inhibitory phosphorylation 

that is normally counteracted by Cdc25, showing the importance of Cdc25 

downregulation18. Increased dose of maternal twine, but not maternal string, generates a low-

penetrance extra syncytial division (ESD) phenotype where the cell cycle fails to slow in cycle 

1431. Twine protein is destroyed right at the beginning of the MBT, and sustained Twine at 

its pre-MBT level causes a high-penetrance ESD phenotype. Since the elimination of twine 
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transcript does not remove Twine protein, this shows that the destruction of Twine protein is 

a key regulator of the downregulation of Cdk1 and thus slowing of the cell cycle at the MBT.

3.4.2: Twine destruction cooperates with other inputs into Cdk1 downregulation

Previous publications identified other conditions that generate partially penetrant ESD 

phenotypes at the MBT, and thereby identified other inputs into MBT cell cycle slowing. 

One such input is frühstart, an inhibitor of cyclin-Cdk that is first expressed at the MBT53. 

Like the early induction of Twine destruction, early expression of frühstart arrested the cell 

cycle by opposing cyclin-Cdk1, though likely through a mechanism independent of 

inhibitory phosphorylation. Mutants in frühstart have a low-penetrance ESD phenotype. 

However, frühstart acts in concert with the destruction of Twine, as increased maternal dose 

of twine in frühstart mutants, strongly intensifies the penetrance of the ESD phenotype. 

Another experiment showed that high levels of cyclin B injected during the first few minutes 

of cycle 14 (but not after) can cause an ESD phenotype55. "is suggests that cyclin 

degradation during mitosis 13 provides a bu!er by keeping Cdk1 inactive early in cycle 14, 

allowing time for these other inputs into Cdk1 downregulation—Twine destruction and 

frühstart expression—to take e!ect. However, in the end, all of these inputs seem to be a set 

of partially redundant pathways that feed into the ultimate downregulation of Cdk1 at the 

MBT to accomplish the slowing of the cell cycle.

3.4.3: Zygotic genome activation triggers Cdk1 downregulation

Several models that involve the titration or rundown of replicative or mitotic factors have 

been proposed to explain the MBT slowing of the cell cycle, and such models could generally 

be compatible with the downregulation of Cdk. However, the inhibition of zygotic 

transcription by α-amanitin invariably shortened S-phase and eliminated G2, which argues 
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against a direct titration model and instead suggests that zygotic transcription is actually 

upstream of cell cycle slowing10. "is is in accord with findings that the onset of transcription 

of numerous genes is dependent on the NC ratio41 and with the findings we present here. It 

also suggests that if detection of the NC ratio depends on titration of some component, it is 

likely some form of transcriptional repressor. Despite zygotic transcription’s importance for 

triggering the MBT, thorough screening and genome-wide analysis by chromosomal 

aneuploids has not revealed any single gene that is absolutely required for the MBT, 

suggesting that multiple, partially redundant transcripts work together44,78,79. "is is 

consistent with the multiple inputs into the downregulation of Cdk1 described above.

 "e novel expression of frühstart at the MBT obviously requires the activation of the 

zygotic genome. However, in this study, we show that the destruction of Twine is also 

downstream of the activation of zygotic transcription. We uncover one gene, tribbles, that is 

su#cient to destroy Twine, and is expressed at the MBT, but it does not seem to be fully 

required. Removal of tribbles results in only partial stabilization of Twine and a much lower 

penetrance ESD phenotype than would be expected from complete stabilization of Twine. 

"e simplest, but not the only, explanation for this is that there are one or more redundant, 

as yet undiscovered genes also expressed at the MBT, which compensate for tribbles in its 

absence. Regardless, these results show that both major inputs into Cdk1 downregulation 

and slowing of the cell cycle at the MBT are triggered by the activation of zygotic 

transcription at the MBT.

3.4.4: NC as a trigger of cell cycle slowing at the MBT

Recent research has shown zygotic genome activation is not a single event—some genes 

respond to the NC ratio and delay transcription in haploid embryos, whereas other genes are 

transcribed in cycle 14 regardless of embryo ploidy41. Both the slowing of the cell cycle40, 

89



generally, and the destruction of Twine, specifically, are regulated by the NC ratio. Both of 

the identified transcriptional inputs into this process—frühstart and tribbles—are genes 

regulated by the NC ratio53. Furthermore, by arresting the cell cycle with cyclin RNAi, we 

show that the capacity to begin accumulating Twine degradation capability first appears in 

cycle 13. "is suggests that, upon reaching the nuclear density corresponding to a diploid 

cycle 13 embryo, transcription of genes that promote Twine destruction commences, as has 

been observed for tribbles. "us, we propose that the primary input of the NC ratio into 

timing the MBT is to activate the transcription of a group of genes that collectively act to 

downregulate Cdk1.

 "e mechanism by which the NC ratio can determine the time of transcription 

remains a mystery. However, we do think our experiments eliminate some previously popular 

theories. "e interphases of the pre-MBT cycles are impressively short, but each syncytial 

blastoderm interphase is slightly longer than the one preceding it7. Since the entry into 

mitosis aborts nascent transcripts in progress80, one theoretical mechanism for limiting 

transcription until cycle 13 would be to have a gene that was too long to be fully transcribed 

in the slightly shorter preceding interphases. However, if this were the mechanism limiting 

the transcription of tribbles, then extending an earlier, shorter cycle should enable 

transcription of tribbles to be completed and trigger premature destruction of Twine, but we 

do not observe this when cycle 12 is extended by cyclin RNAi. Another popular model is 

that Cdk1 phosphorylation of RNA polymerase II’s C-terminal domain limits its activity and 

prevents zygotic transcription81. "en, as Cdk1 activity declines in the early embryo, for 

instance through progressive destruction of cyclins, this would enable transcription to begin. 

If this limited tribbles transcription, however, premature downregulation of Cdk1 should 

enable premature transcription of tribbles and destruction of Twine, but we do not observe 

this after cyclin RNAi. "us, some other mechanism must respond to the NC ratio and 
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govern the onset of transcription of tribbles and presumably frühstart, and thus cell cycle 

slowing.

 Not all aspects of the MBT, however, are regulated by the NC ratio. Morphogenetic 

events, such as cellularization and gastrulation are not delayed in haploid embryos or 

embryos prevented from reaching cycle 14 nuclear density by cyclin RNAi19,40. However, 

these events are sensitive to the cell cycle. Cellularization  and early gastrulation movements, 

such as ventral furrow formation, are disrupted by entry into mitosis40,44,53,82. "is means 

that a properly slowed cell cycle is a required permissive condition even for many events that 

are not directly timed by the NC ratio. "us, we suggest that the study of the regulation and 

activation of zygotic transcription determined by the NC ratio, especially tribbles and 

frühstart, is the next frontier in understanding the MBT.
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3.6: Figures and Tables

Figure 3.1: RNAi against string and twine does not lengthen the cell cycle. (a) RT-PCR 

of string and twine in embryos injected with combined dsRNA against string and twine shows 

that the dsRNA triggers near complete destruction of these transcripts by 25 minutes after 

injection. (b) "e length of interphases 12 and 13 was measured by H2AvD-GFP in 

uninjected embryos and embryos injected with dsRNA against string and twine 45 minutes 

before cycle 12.
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Figure 3.2: Twine is destroyed in cycle 14, later than String. (a) Pools of embryos, either 

uninjected, or injected with mRNA encoding 3xMyc-tagged Twine or 9xMyc-tagged Twine 

were smashed and evaluated by Western blot. Arrows to the right of the blot label the 

suspected identity of the resultant bands, and the apparent weights from a pre-stained 

molecular weight marker are shown at left. (b) Western blot of single embryos showing the 

destruction of String (String) and Twine (Twine). Embryos are labeled with their cycle 

number (determined by nuclear spacing) and either cell cycle stage (I = interphase, M = 

mitosis) or nuclear length (µm) and calculated time (min) if they are in cycle 14. (c) Twine 
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localization during interphase (“Int.”), prophase (“Pro.”), and the exit from mitosis (“Telo/

Int.”). DNA (Pico Green dye, magenta) and Twine (anti-Twine, green). (d) Twine 

enrichment on the spindle during metaphase and anaphase. Tubulin (anti-Tubulin, green), 

Twine (anti-Twine, red), and DNA (Hoecsht, blue). (e) Twine destruction over the course of 

cycle 14. Twine (anti-Twine, green) and DNA (Pico Green dye, magenta). Micrographs are 

labeled with nuclear length (µm) and calculated time in cycle 14 (min). Staining of Twine is 

the signal that colocalizes with nuclei, whereas signal below the nuclei is fluorescence of the 

yolk. (f ) Twine is destroyed later in the pole cells (solid arrowhead) than somatic cells (open 

arrowhead). Twine (anti-Twine, shown in green), DNA (Pico Green, shown in magenta). 
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Figure 3.3: Twine protein is relatively stable until the MBT, and pre-MBT Twine level 

causes a penetrant phenotype. (a–c) Western blots of embryos treated with twine dsRNA, 

showing that Twine protein level does not depend on continued translation of its mRNA. 

Controls: a pre-MBT embryo (“pre”) and a 1:2 dilution (“1/2 pre”), an embryo in cycle 14 

after Twine destruction (“late”). Embryos were injected at di!erent times, aged for the time 

marked above each lane, and picked in cycle 11 (a), cycle 12 (b), or cycle 13 (c), as gauged 

by nuclear distance. (d–e) Blots showing stability of Twine protein after injection with 

cycloheximide (CHX), an inhibitor of translation. Dilutions of an uninjected embryo are 

shown (“1:1”, “1:2”, and “1:4”). Embryos were injected with CHX in cycle 12 (d) or cycle 

13 (e) (and thereby arrested in that cycle) and aged for the number of minutes indicated 

above the lane, before being picked. (f ) H2AvD-GFP embryos were injected in one end with 
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twine mRNA at varying concentrations, and imaged to determine how many embryos 

underwent a shortened S-phase or G2 as a result. (g) Western blot of Twine in embryos 

either before the MBT (“pre-MBT”) or 15 minutes into cycle 14, injected with twine mRNA 

at varying concentrations.
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Figure 3.4: "e onset of Twine destruction responds to the nucleo-cytoplasmic ratio. (a) 

Western blot comparing destruction of Twine in Sevelen (wild-type) embryos and maternal 

haploid embryos (mh). "e cycle and time in cycle 14 (determined visually on the 

microscope) is marked above each lane. (b) Western blot showing destruction of Twine in 
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haploid sesame (ssm) embryos. Time in cycle 14 or 15 is marked above each lane. (c) Nuclear 

length of sesame embryos injected with H2AvD-GFP mRNA during cycles 14 and 15, as 

cellularization attempts in cycle 14 and then succeeds in cycle 15. Five nuclei were measured 

at each timepoint from two embryos (for a total of 10 measured nuclei). (d) 

Immunofluoresence showing Twine destruction in cycle 15 in sesame embryos. Twine (anti-

Twine, green) and DNA (Pico Green dye, magenta). Micrographs are labeled with cycle, 

nuclear length (µm) and calculated time in cycle 14 or 15 (min). Twine staining is signal that 

colocalizes with nuclei, whereas signal below the nuclei is fluorescence from the yolk. (e) 

Western blot showing Twine stability in embryos arrested with dsRNA against the mitotic 

cyclins. Lanes are labeled from top to bottom with: the cycle in which the embryo arrested, 

the number of minutes since it entered that cycle, and finally a calculated time, describing 

how far into the cycle 14 the embryo would be if it had not been arrested. Controls: a pre-

MBT embryo (“pre”) and an embryo in cycle 14 after Twine destruction (“late”).
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Figure 3.5: Chk1 phosphorylation is not necessary for rapid destruction of Twine. (a) 

Western blot of String (String) and Twine (Twine) in embryos from mothers mutant for 

grapes (grp) (the Drosophila homolog of Chk1). Lanes are labelled with cycle and time after 

mitosis 13 (measured visually on scope) (b) Western showing normal destruction of String 

and Twine in embryos from mothers mutant for grapes and mnk (also known as loki, the 

Drosophila homolog of Chk2). Embryos are labeled with cycle, nuclear length (µm) and 

calculated time (min) in cycle 14.
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Figure 3.6: Transcription is required for Twine destruction at the MBT. (a) Western blot 

of embryos injected with either PBS or α-amanitin, an inhibitor of RNA polymerase II. 

Lanes are labeled with the cycle of the embryo and the time in cycle 14. (b) Embryos 

injected in late cycle 13 with either vehicle (1% DMSO) or α-amanitin (an inhibitor of 

RNA polymerase II) and cycloheximide (an inhibitor of translation), dissolved in 1% 

DMSO. (c) Additional embryos injected with α-amanitin and cycloheximide, dissolved in 

1% DMSO, for purposes of estimation of rate of protein clearance in absence of 

transcription. Embryos are either in cycle 13 (including a 1:2 dilution) or in cycle 14, timed 

visually on the scope.
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Figure 3.7: Tribbles induces the destruction of Twine protein at the MBT. (a) H2AvD-

GFP showing the cycle 12 and 13 arrests induced by injection of tribbles mRNA into one 

end (blue arrowhead) of an embryo. (b) Table comparing numbers of embryos that arrested 

DNA

mRNA

13

12

14

a
10
11
12
13in

je
ct

ed

arrest
13
1
20
19
2

12
2
2
0
0

Ø
0
0
1
5

b Twe TweTwe   DNA

mRNA

Twe   DNA

mRNA

c

1312 13 1312 12 1214
10

cycle
min

14
40

14
20

14
30

PBS tribbles mRNAd

TweTwe   DNA

dsRNA

g

13 1314
10

cycle
min

14
40

14
20

14
30

14
10

13 14
10

14
40

14
20

14
30

twine dsRNA
twine dsRNA

+ tribbles dsRNA
1:2i

i’

13 14
10

cycle
min

14
20

14
30

14
10

14
40

14
20

14
30

twine dsRNA
twine dsRNA + 

tribbles dsRNA (#2)

1312 14
10

cycle
min

14
40

14
20

14
30

14
10

14
40

14
20

14
30

PBS tribbles dsRNAh

e f

1011 12 13 14
cycle

tri
bb

le
s 

ex
pr

es
si

on

diploid haploid
13 14 14 15

tri
bb

le
s 

ex
pr

es
si

on

102



in cycle 12, cycle 13, or did not arrest (Ø), based on the cycle in which they were injected. 

(c) Images of two embryos injected at one pole with tribbles mRNA (blue arrowhead), 

demonstrating the local destruction of Twine protein near the site of injection and induced 

cell cycle arrest (open arrowhead). Twine (anti-Twine, green) and DNA (Pico Green dye, 

magenta). (d) Western blot, probed with anti-Twine, showing decreased Twine in embryos 

injected with tribbles mRNA relative to control. (e) Expression of tribbles mRNA over time 

(given as arbitrary units), as determined by RNAseq on precisely staged single embryos. Data 

presented is from the extended dataset of Lott et al., 201115. X-axis to scale by time from the 

beginning of cycle 10, with approximate time of di!erent cycles marked. (f ) Expression of 

tribbles mRNA (given in arbitrary units) is delayed one cycle in haploid embryos, as 

determined by microarray. Data presented is from the extended dataset of Lu et al., 200941. 

X-axis lists the cycle number and ploidy of the embryo. Note that the major increase in 

transcription of tribbles occurs between cycles 14 and 15 in haploids, rather than cycles 13 

and 14 in diploid (wild-type) embryos. (g) An embryo injected at one pole with tribbles 

dsRNA (red arrowhead) demonstrating local stabilization of Twine protein near the site of 

injection. Twine (anti-Twine, green) and DNA (Pico Green dye, magenta). (h) Western blot, 

probed with anti-Twine, showing that, while Twine elimination is slowed, though not 

entirely eliminated in embryos treated with tribbles dsRNA, compared to those injected with 

vehicle.  (i) Western blot, probed with anti-Twine, showing that in embryos treated with 

twine dsRNA to prevent continued Twine translation, Twine persists longer after the MBT in 

embryos also treated with tribbles RNAi. "is indicates a di!erence in Twine protein stability 

in the absence of tribbles expression. Lanes are labelled with cycle and time into cycle 14, 

determined visually on the scope. 1:2 indicates a 1/2 dilution of a sample. (i’) Same as (g), 

but with an independent dsRNA against tribbles.
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3.7: Materials and Methods

3.7.1: Drosophila stocks

Most experiments were performed using embryos expressing Histone H2AvD-GFP65. 

Haploid embryos were obtained from maternal haploid mothers (y1 wa mh1 / FM7a—

Bloomington Stock 7130)40 and sesame mothers (w ssm185b / FM7c)41. Chk1-deficient 

embryos were obtained from grapes homozygous mothers (grp06034, H2AvD-GFP / grp06034, 

H2AvD-GFP—grp allele from Bloomington Stock 12219). Chk1, Chk2-deficient embryos 

were obtained from grapes mnk homozygous mothers (y1 w1118 / w1118; mnkP6 grpfs1 / mnkP6 

grpfs1)75. Embryos obtained from mothers homozygous for either grapes allele, or obtained 

from trans-heterozygous mothers (w1118 / +; mnkP6 grpfs1/grp06034) had similar phenotypes 

and did not hatch.

3.7.2: dsRNA production

dsRNA was produced using the Promega T7 Ribomax Large Scale RNA Production System. 

Template containing a T7 site was amplified by PCR (specifics for each dsRNA are described 

below). "en, 8 µl of PCR product was combined with 6 µl of mixed rNTPs, 4 µl of 5x 

transcription bu!er, and 2 µl of the T7 RNA polymerase. "is was incubated at 37°C for 6 

hours, then 1 µl of DNase was added to the reaction and it was incubated at 37°C for 15 

minutes. "e reaction was diluted with 60 µl of water, and the RNA was precipitated by 

adding 8 µl of 5M sodium acetate and 220 µl of 100% ethanol, then incubating on ice for 5 

minutes and spinning at full speed at 4°C for 10 minutes. "e pellet was washed with 500 µl 

of 70% ethanol and repelleted. "e pellet was air dried until no ethanol could be smelled and 

resuspended in 100 µl of water. "e RNA was annealed by heating to 65°C in a water bath 

for 30 minutes, then turning o! the water bath and allowing it to cool slowly to room 

temperature (over the course of about an hour and a half ). dsRNA was then analyzed on an 
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agarose gel, and its concentration was estimated by comparing to ladder of known 

concentration. "e specific primers used to produce tribbles, tribbles #2, string, and twine 

dsRNA are given here: tribbles dsRNA primers ([gggcgggt]ATCAGCGCACAGCCTAGTCA 

and [gggcgggt]ATGGCCATAGATGGTGCTCC), tribbles #2 dsRNA primers 

([gggcgggt]CTTCCACATGTACCTGCCAGT and 

[gggcgggt]TGGAAGGCAGTGAGTTCTTGT), string dsRNA primers 

([gggcgggt]GCCGAAAATTCTGCCAGCTATGGGA and 

[gggcgggt]TAGGCTTTGCTGAAGTCGCCGATT), or twine dsRNA primers 

([gggcgggt]GCAACGACAGAAGTCAGCATACCCA and 

[gggcgggt]TGCTCTGTGTCCACACAACGTGGAA). Mitotic cyclin dsRNA was produced 

as previously described19.

3.7.3: in vitro transcription of mRNA

mRNA was produced as described in 2.7.5. Template for twine mRNA was produced as 

described in 2.7.5. tribbles mRNA was produced from construct JFP2, which was made by 

amplifying the tribbles CDS with the Tribbles-SF449 primers 

(gtcaca[ccatgg]ATAACAGTAGCGGTCAAAACAGC and 

cgc[gaattc]CTTGGTGAGATCAAATTCCAATG) and cloning it into SF44983 by the NcoI 

and EcoRI sites.

3.7.4: Embryo injection

Embryos were injected as described in 2.7.6. dsRNA were injected at concentrations of 

approximately 1-2mg/ml in PBS. Cycloheximide (Sigma-Aldrich) was injected at 1mg/ml in 

1% DMSO. α-amanitin (Calbiochem) was injected at 1mg/ml. mRNAs were injected at 

800ug/µl, unless otherwise noted. 
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3.7.5: Twine antibody

 3.7.5.1: Twine construct. "e Twine CDS was amplified by PCR from whole 

embryonic cDNA (0–3 hr) with Twine-pET28 primers 

(agctcat[catATG]GCGAGCAAGCGGCTAATG and 

agctaata[gcggccgc]CTCGGCGTAGAGCAGTCGTGAAC) and cloned into pET28c vector 

using the NdeI and NotI restriction sites. 

 3.7.5.2: Protein expression. "e completed construct was transformed into 

BL21(DE3) cells. Two liters of 2x YT media culture were inoculated with 10mL of saturated 

overnight culture and grown at 37°C until the OD600 was between 0.6 and 0.8 

(approximately 2h30m). "e culture was shifted to 30°C and induced with 1mM IPTG (1 

ml of 1M IPTG per liter of bacteria) for 3 hours. Pellets were spun down and stored at -80°C 

overnight.

 3.7.5.3: Twine purification. "e pellet was thawed on ice and resuspended with a 

dounce homogenizer in 20-25 ml of ice cold lysis bu!er (20 mM Tris pH 7.9, 500 nM 

NaCl, 10mM Imidizole, 0.5 mg/ml freshly added lysozyme, and 0.5% Triton-X 100). "e 

resuspended pellet was then incubated at room temperature for 10 minutes to allow the 

lysozyme to work, then put on ice. "e slurry was decanted into a metal sonicating cup, then 

sonicated for 2–5 minutes at medium power, with periodic swirling and icing to keep it cool, 

until the thickness of the sample had decreased considerably. It was then spun in an 

Oakridge tube for 30 minutes at 15,000 rpm at 4°C (SS-34 rotor). While on ice, the 

supernatant was added to 1.5 ml of nickel-NTA agarose beads (per liter of bacteria) (Qiagen) 

that had been briefly washed in lysis bu!er. "ey were rotated for 1 hour at 4°C in a 50mL 

conical. Beads were then washed 5 times with ice cold wash bu!er (20mM Tris pH 7.9, 

500mM NaCl, 20 mM imidizole, 0.2% Triton-X 100) by gently resuspending the pellet by 
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inverting the tube, then pelleting. Note that the beads cannot be spun above 3,500 rpm. "e 

protein was then eluted 5 times with ice cold elution bu!er (20 mM Tris pH 7.9, 200mM 

NaCl, 300mM imidazole) by rocking for 10 minutes, then pelleting the beads and removing 

the bu!er.

 3.7.5.4: Raising antibody. "e purified protein was then dialyzed into PBS and sent 

to Pacific Immunology to immunize rabbits. 

 3.7.5.5: Antibody purification. Additional purified Twine protein that was not sent 

to Pacific Immunology was coupled to cyanogen bromide-activated Sepharose beads 

(Invitrogen), according to manufacturer’s instructions. "e antibody was then purified by 

passing 7-fold diluted sera over the column, washing with PBS + 500mM NaCl, and eluting 

with 500uL of 100mM glycine pH 2.5 into 100uL of 1M Tris pH 7.0, which was then 

dialyzed into PBS.

 3.7.5.6: Antibody verification. pBS-XBG-Twine was constructed by amplifying the 

Twine CDS with the primers ataagaat[gcggccgc]GCGAGCAAGCGGCTAAT and 

gatcgg[actagt]CTCGGCGTAGAGCAGTC and cloning it into the pBS-XBG backbone (see 

2.7.3) via the NotI and SpeI sites. pBS-XBG-Twine-3xMyc was constructed by amplifying 

the 3xMyc tag with the primers gatcgg[actagt]AGAGGTGAACAAAAGTTGATTTCT and 

aatcgg[ggtacc]CTAGACTCTAGATGATCCGTTCAA and cloning it into pBS-XBG-Twine 

by the SpeI and Acc65I sites. pBS-XBG-Twine-9xMyc was constructed by amplifying the 

9xMyc tag with the primers gatcgg[actagt]TCTGCTGCTAGTGGTGAAC and 

aatcgg[ggtacc]TTAGCTAGTGGATCCGTTCAA and cloning it into pBS-XBG-Twine by 

the SpeI and Acc65I sites. "e mRNAs were produced as described in 2.7.5.

3.7.6: Western blotting
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Single embryos were prepared in two separate fashions, depending on whether they were 

staged by nuclear length (Figures 3.2b and 3.5b) or time after mitosis 13 (Figures 3.3a–e, 

3.4a–b, 3.4e, 3.5a, 3.6a–c, 3.7d, and 3.7h–i). For those staged by nuclear length, collections 

of embryos were fixed in 1:1 methanol:heptane then rehydrated, and the DNA was stained 

using Pico Green (Molecular Probes). "ey were examined on a confocal microscope, and 

selected embryos were transferred to 2X SDS sample loading bu!er (0.1 M Tris at pH 6.8, 

4% SDS, 20% glycerol, 2% 2-mercaptoethanol, bromophenol blue) and boiled for 8 min. 

Embryos chosen by time after mitosis 13 were a#xed to a coverslip and observed on an 

inverted confocal microscope. Selected embryos were gently released from the coverslip by 

applying gentle pressure under the embryo, perpendicular to the anterior–posterior axis, 

using the longest bristles of a trimmed paintbrush. Complete release of the embryo was 

confirmed by microscope. "ey were then fixed in small aliquots of 1:1 heptane:methanol, 

kept on ice, transferred to 2X SDS bu!er, vortexed 2x8sec with glass beads, then boiled 8 

min. For all samples, volumes were normalized and 1/2 of each sample was loaded on a 10% 

acrylamide gel, electrophoresed, and transferred to Immobilon-P membrane (Millipore). "e 

blot was blocked for 2 hours with 3% milk, incubated with 1:1000 Twine antibody 

overnight in 3% milk at 4°C, incubated with 1:10000 Donkey anti-rabbit-HRP (Jackson 

Labs) for 1 hour at RT, washed 4 times with PBST, once with PBS, and then visualized with 

Super Signal West Femto ECL (Pierce) and Blue X-ray film (Phenix).

3.7.7: Immunofluorescence

Embryos were fixed in 3.7% formaldehyde for 20 minutes and then devitellinized by shaking 

in heptane:methanol (unless embryos had been injected, in which case they were 

devitellinized by hand with a tungsten needle). An exception was embryos used to visualize 

spindle enrichment which were fixed for 5 minutes in 1:1 heptane:methanol. Fixed embryos 
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were cleared with xylene (5 min 1:1 xylene:methanol, 1 hr xylene, 5 min 1:1 

xylene:methanol, 2x5 min methanol) then rehydrated slowly (5 min each 1:3, 1:1, 3:1 

PTX:methanol, then 3x5 min PTX). "ey were blocked using 15% normal goat serum 

(Jackson Labs) for 2 hours and incubated with 1:500 anti-Twine in 15% normal goat serum 

overnight at 4°C. In Fig. 1C, tubulin was stained with a mixture of 1:50 each AA12.1, 

AA4.3, and E7 mouse monoclonals (DSHB). "ey were then stained for 15 minutes with 

1:500 Pico Green (Invitrogen, Molecular Probes), washed 4x15min with PTX, then 

reblocked with 15% normal goat serum for 30 minutes. 1:1000 goat anti-Rabbit-Alexa-546 

(Invitrogen, Molecular Probes) was added to this and incubated at RT for 2 hours. Embryos 

were then washed 5x20min in PTX, and mounted in Fluoromount-G. Slides were imaged 

on a spinning-disk confocal microscope as previously described19 and visualized using 

Volocity 6 (Perkin Elmer).
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CHAPTER 4

Conclusions
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4.1: A model for the MBT

Using the results described in this thesis, we can construct a detailed model for the progress 

of the mid-blastula transition. Once the embryo is laid, this sets into motion two 

independent timers that will trigger various aspects of the mid-blastula transition. One of 

these timers, as best as we can tell, is simply the progress of time, which will eventually 

trigger morphogenesis—the cellularization of the blastoderm, and the onset of gastrulation. 

"e underlying mechanism used to track the progression of time is unknown. One report has 

proposed that it is the slow, continuous destruction of maternal transcripts that begins at egg 

activation84, though this has not been conclusively demonstrated.

 "e other timer is measured by the accumulation of DNA content (or the increasing 

nucleo-cytoplasmic ratio), which is set into motion by fertilization and the re-entry into the 

cell cycle. "is timer triggers the downregulation of Cdk1 kinase through multiple 

mechanisms. First, the mitotic cyclins are downregulated in cycle 14 considerably more than 

the preceding cycles, likely due to a combination of translational regulation of their 

transcripts and increasing APC activity, concomitant with the increase in DNA18. "is 

provides a bu!er time in the beginning of cycle 14, where Cdk1 activity is low due to an 

absence of its required cyclin partners. Meanwhile, the increased NC ratio during late cycle 

13 and early cycle 14 triggers the onset of zygotic transcription of a subset of the genome. 

One of these genes is frühstart, a CKI that binds to Cdk1’s cyclin binding partners, thereby 

inhibiting its action44,52,53. Another of these genes is tribbles, which in concert with another 

unknown gene, triggers the abrupt destabilization and destruction of Twine protein, one of 

the two Cdc25 isoforms that can prevent the inhibition of Cdk1 by Wee kinase (see Chapter 

3). "us, during the bu!er period provided by low cyclin at the beginning of interphase 14, 

Cdk1 is further inactivated, through the action of Frühstart and inhibitory phosphorylation 

that accrues due to the removal of Cdc25; thus, though cyclin levels increase over the course 
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of interphase 14, Cdk1 activity remains low until the transcription and translation of new 

Cdc25 immediately prior to mitosis.

 "e inactivation of Cdk1 in cycle 14 results in the slowing of the cell cycle that is 

characteristic of the MBT and permits cellularization and gastrulation when they are 

triggered by their independent timer. First, when the embryo enters S-phase, the lack of 

Cdk1 activity enables the late replicating sequences to delay their origin firing (see Chapter 

2). Bulk replication begins as before, but the delay of the late replicating sequences until later 

in S-phase causes it to lengthen 3.5-fold10. Furthermore, upon the completion of S-phase, 

the embryo enters its first G2 phase, due to the lack of Cdk1 activity to trigger entry into 

mitosis17,18. "ese changes to the cell cycle permit the embryo to perform the massive 

cytoskeletal rearrangements that are required for the success of cellularization (see Appendix 

B). "e completion of cellularization enables the desynchronization of the cell cycle, as each 

cell can independently transcribe cdc25/string in order to reactivate Cdk1 and trigger the 

entry into mitosis17. "e slowing of the cell cycle and completion of cellularization then 

enable the onset of gastrulation (see Appendix B), as now the cell shape changes that trigger 

the involved cellular movements are possible, and each cell can, through transcription, 

individually regulate its own program.

4.2: How does Cdk1 regulate S-phase?

One of the outstanding questions raised by this research is how Cdk1 can regulate the 

activity of late-firing origins. Currently, we do not understand how the early- and late-firing 

origins are di!erentiated. Moreover, we do not know what stage of origin-firing is inhibited 

in late-firing origins that causes them to delay until later in S-phase. Whatever di!erentiates 

the late-firing origins seems to already be in place by cycle 1310, however, based on premature 

downregulation of Cdk1 activity (see Chapter 2). "us, there are three formal possibilities: 
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Cdk1 normally triggers the late-firing origins, Cdk1 is substituting for a di!erent cyclin-

dependent kinase, or Cdk1 is substituting for an entirely di!erent kinase. While it is formally 

possible, it is unlikely that Cdk1 is normally responsible for firing the late origins because 

cdc25/string transcription (which results in the re-activation of Cdk1) normally does not 

occur until after the completion of S-phase 1418,85.

 "e second possibility, that Cdk1 substitutes for a di!erent cyclin-dependent kinase, 

is more likely. In Drosophila, there is a seeming division of labor, with Cdk1 devoted 

primarily to controlling mitosis and Cdk2 concerned mainly with controlling S-phase, 

though we show a role here for Cdk1 in S-phase before the MBT. However, in some 

organisms, such as yeast, a single cyclin-dependent kinase controls both S-phase and 

mitosis45,64. Moreover, even in organisms that have multiple kinases with segregated duties, 

the mitotic kinases can substitute for the S-phase kinases, if necessary62. "e activity of 

cyclin-dependent kinase is required in origin firing in order to phosphorylate Sld2 and Sld3 

proteins to promote their association with Dpb11 and the formation of the replicative 

complex58-61. In Drosophila, Cdk2 activity is required for origin firing, though Drosophila 

homologs of the Sld proteins have not been found86,87. However, it is possible that Cdk2’s 

role in triggering origin firing is conserved in Drosophila, but that the late-firing origins are 

somehow refractory to Cdk2’s action while remaining sensitive to the activity of Cdk1. "is 

could potentially result from some post-translational modification of the late-firing origins 

(e.g. of Cdc45, which the Sld proteins associate with, if Cdk2’s role is conserved). 

 A final possibility is that Cdk1 is substituting for something other than a cyclin-

dependent kinase. For instance, another kinase with a major role in origin firing in yeast is 

Db4-dependent kinase (Ddk). Ddk (Chi!on in Drosophila) is required for origin firing, and 

Ddk mutants can be rescued by a deletion of the N-terminus of Mcm4, suggesting that 

phosphorylation by Ddk relieves inhibition of the Mcm4 proteins63. However, a group of 
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Cdk target sites (SP) become necessary in the absence of Ddk, suggesting that Mcm4 is a 

target of both Cdk and Ddk. In yeast, Ddk associates directly with Mcm4 through a 

particular region of the protein, which is required for Ddk to phosphorylate Mcm488; this 

provides a potential model where post-translational modification could prevent the 

association of Ddk with Mcm4 and prevent its activity. However, if Cdk activity is su#cient 

to fire those origins in the absence of Ddk, then increased Cdk1 activity could potentially 

trigger those origins prematurely. If such a role for Ddk is conserved to Drosophila, then 

perhaps Cdk1 could have a similar role before the MBT, triggering the late-firing origins to 

fire early.

 Further investigation of Cdk1’s role in advancing the replication of the late-

replicating sequences has the potential to help us understand the basic regulation of origin 

firing. It could uncover an unknown step in the process of firing origins, as well as another 

layer of regulation that is involved in di!erentiating between the early-firing and late-firing 

origins. Moreover, this could give insight into the reason for the existence of late-firing 

origins entirely, which is still unknown, despite their presence across evolutionary diversity.

4.3: How does the NC ratio regulate transcription?

Another of the major outstanding questions is how the NC ratio is detected and triggers the 

onset of transcription of the subset of genes that slow the cell cycle. Several theories have 

been proposed, and a number of mutants are presented below that a!ect success or timing of 

transcriptional onset, but for most of them, we do not understand their e!ect 

mechanistically, nor do we understand the connections between them. Moreover, when 

transcriptional onset of individual genes is investigated at higher temporal resolution by 

RNAseq, it is apparent that not all transcripts activated in cycle 14 begin accumulating at the 
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same time or at the same pace, even within the “NC-dependent” grouping15, suggesting that 

there are probably multiple mechanisms of activation that have yet to be distinguished.

 4.3.1: Titration of maternal components

 Some models that have been proposed for detection of the NC ratio revolve around 

the titration of a maternally loaded component that interacts with the DNA. As the amount 

of DNA increases, it eventually exceeds the amount of the limiting maternal component, 

triggering the MBT. "e earliest models for what became limiting were suggested by the 

gradual lengthening of S-phase that occurs during pre-MBT slowing; as the amount of DNA 

increased, the replication machinery became unable to duplicate it as quickly, which resulted 

in a slowing of S-phase and therefore interphase89. However, we now know that the dramatic 

extension of S-phase at the MBT does not result from limited replication machinery. While 

it is possible that this contributes to the gradual pre-MBT slowing of S-phase, if Cdk1 levels 

are raised in cycle 14, the embryo is perfectly capable of executing an additional rapid S-

phase, indicating that there is su#cient DNA replication machinery. 

 However, the model that a maternal component is titrated by the increasing amount 

of DNA is still viable, though we would suggest that it is likely a component that is involved 

in limiting transcription before the MZT, since the onset of zygotic transcription is su#cient 

to cause the slowed cell cycle at the MBT. "ere is no evidence that it is involved in 

triggering the MBT, but an example of such a titrated component is the transcriptional 

repressor, Tramtrack. Tramtrack binds to the promoters of some early-expressed patterning 

genes, including fushi tarazu and even-skipped and represses them90. "ese genes are 

transcribed in an NC-dependent manner, and increasing or decreasing the dose of tramtrack 

changes the cycle in which their transcription begins91. Again, while Tramtrack does not 

appear to regulate the genes that are important for triggering the MBT, there may be 
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additional, uncharacterized repressors that mediate the onset of other NC-dependent genes, 

including those that are important for timing the MBT.

 4.3.2: DNA replication checkpoint activity

 On the other hand, the role of the increased amount of DNA may not be to bind 

and titrate a maternal repressor. Instead, increased DNA could be detected by the checkpoint 

system and result in the post-translational inactivation of a transcriptional repressor. Embryos 

laid by mothers mutant for the DNA replication checkpoint kinase, grapes (Chk1) (hereafter 

“grapes embryos”), or the upstream DNA damage kinase mei-41 (ATR) (hereafter “mei-41 

embryos”) do not exhibit pre-MBT slowing50,92. Instead, their cycles remain short 

indefinitely, even beyond interphase 14, though they exhibit mitotic catastrophe in cycle 13 

when they enter mitosis without first completing S-phase. In theory, as the amount of 

replicating DNA increases during the pre-MBT cycles, additional DNA damage signaling is 

triggered by increased exposure of single-stranded DNA, increased DNA damage generated 

by the process of replication, or increased replication intermediates that cannot be 

immediately resolved. Increasing activation of Grapes kinase has not been directly 

demonstrated in Drosophila, but in Xenopus, activity of Chk1, its homolog, increases over 

time71 and responds to increased DNA content and increased DNA damage in the embryo93. 

"e commonly described function of Chk1 is to phosphorylate and inhibit the activity of 

Cdc25 and activate Wee1 kinase, thereby downregulating Cdk1 function. However, embryos 

from mothers mutant for both grapes and loki (Drosophila’s chk2 homolog) exhibit restored 

slowing of the cell cycle in cycle 14, indicating that Cdk1 can be downregulated in the 

absence of grapes. Checkpoint mutants have an additional defect, though—grapes or mei-41 

embryos do not initiate transcription of a number of genes at the MZT (e.g. runt and 

serendipity-alpha), though some genes (e.g. slam) are excepted75,84,92. However, the 

transcription of these genes is restored in grapes loki embryos75. "is suggests a potential 
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model where Loki acts as a repressor of transcription that is inactivated by Grapes. 

Accumulation of su#cient DNA could result in su#cient Grapes activity to inactivate Loki, 

allowing transcription. However, loki grapes embryos still degrade Twine, suggesting that they 

are capable of properly triggering the transcription that is responsible for its destruction (see 

Chapter 3). Moreover, loki or grapes loki embryos do not exhibit precocious transcription84, 

which suggests that an additional condition beyond Loki inactivation would be required for 

the onset of transcription, but perhaps continued Loki activity could delay transcription of 

some genes if the proper NC ratio has not been achieved.

 4.3.3: Smaug, an RNA-binding protein

 Other potential models for how NC-dependent transcription is activated remain 

even more mystifying. Embryos from mothers mutant for smaug (hereafter “smaug embryos”) 

do not slow their cell cycle or execute the MBT, while embryos that overexpress smaug slow 

their cell cycle and trigger the MBT early. Additionally, smaug embryos exhibit penetrant 

defects in the onset of zygotic transcription; 60% (565/939) of assayed transcripts that are 

normally expressed at the MZT are significantly downregulated in embryos from smaug 

mutant mothers84. It is not clear how Smaug a!ects transcription mechanistically, and there 

is no explanation for why its activity would be dependent on the NC ratio. smaug embryos 

are deficient for the DNA-damage checkpoint; they do not exhibit pre-MBT slowing, like 

grapes embryos, and they do not respond to injected aphidicolin, an inhibitor of DNA 

replication84. However, it does not seem that smaug embryos’ defect in transcriptional onset 

is a result of their checkpoint deficiency. First, the catalog of a!ected transcripts is di!erent: 

grapes embryos do not exhibit a defect in slam transcription75, while smaug embryos do84. 

Second, mutation of loki restores transcriptional onset in grapes embryos75, but smaug loki 

embryos do not have restored transcription84. "e major biochemical function for Smaug 

that is known is that it is an RNA-binding protein, and either represses translation of its 
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targets or triggers shortening of their poly(A) tail by recruiting the CCR4/POP2/NOT 

deadenylase complex94. Moreover, it is clear that Smaug is an important player in the 

destruction of maternal mRNAs; between 28–72% of maternal transcripts that are 

destabilized at the MZT are upregulated in smaug embryos (many have not been 

tested)14,84,95. Some have suggested that Smaug’s role in transcriptional activation is 

downstream of its role in maternal mRNA degradation, for instance by triggering destruction 

of a transcript encoding an unstable repressor of transcription84. While this model could 

explain Smaug’s e!ects on some transcripts (most likely those that are time-dependent), it is 

doubtful that it explains its e!ect on the NC-dependent transcription that triggers the MBT. 

Overexpression of smaug does not accelerate mRNA destruction for transcripts that were 

tested (e.g. cyclin B), but it does trigger premature transcription of some genes (for instance, 

slam seems to be accelerated) and premature slowing of the cell cycle and onset of the MBT, 

suggesting that the NC-dependent genes that regulate the MBT were transcribed early. "us, 

Smaug’s e!ect on NC-dependent transcription of genes that trigger the MBT is not likely to 

be downstream of mRNA destruction, since Smaug can accelerate the MBT without 

accelerating maternal mRNA destruction. Regardless, the function of Smaug remains 

something of a mystery, and there are clear signs that it may be important for the onset of 

NC-dependent transcription.

 4.3.4: Zelda, a marker of transcripts expressed at the MZT

 "e zinc-finger DNA-binding protein Zelda (also known as Vielfaltig) is required for 

the onset of zygotic transcription that triggers the MBT, though it does not seem likely that 

it is a switch. "is protein binds to ‘TAGteam’ motifs in the DNA96, and is found highly 

enriched at genes that are expressed in cycle 14, at the MZT, and also genes expressed during 

the pre-MZT cycles (which typically have more Zelda binding sites)97,98. Indeed, increasing 

or decreasing the number of TAGteam motifs in a gene can advance or delay (respectively) 
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the onset of transcription of that gene99, and adding TAGteam motifs to a GFP reporter can 

confer pre-MBT expression on the reporter11. Embryos from zelda germline clones (hereafter, 

zelda embryos) have lowered expression of 120 genes, many of which are early-expressed and 

required for pattern formation, cellularization, and sex determination96. A percentage of 

zelda embryos also go through an extra rapid division, suggesting that Zelda regulates the 

transcription of some genes involved in timing the MBT96,100. Additionally, mutants in 

RNAPII that trigger an early MBT by triggering early zygotic transcription require zelda in 

order to do so100. "e biochemical function of Zelda has not been established, but since it 

increases the DNAse sensitivity of the regions it binds to and increases the occupancy of 

nearby transcription factor binding sites, it seems most likely that it acts as or recruits a 

chromatin remodeler that increases accessibility of the DNA and allows other transcription 

factors to bind nearby97,98,101. Since Zelda binds to most genes in cycle 8, long before they 

will become activated97, it seems unlikely that it is the switch determining the timing of their 

onset, but instead creates a permissive condition that allows those genes to be activated, 

though it does seem clear that some genes required to trigger the MBT require Zelda.

 4.3.5: Positive reinforcement of zygotic transcription

 Lastly, the activation of transcription is a self-reinforcing process, so the activation of 

some NC-dependent transcription by a mechanism described above may be the trigger for 

the activation of transcription of other genes. Embryos with deleted chromosomes showed 

that the onset of zygotic transcription is self-reinforcing, as 19% of assayed zygotically 

transcribed genes (215/1158) are downregulated when a chromosome arm other than the 

one on which they are located is deleted11, indicating that they are secondary targets that are 

triggered by the onset of transcription of a di!erent gene (presumably, a required 

transcription factor).
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 Moreover, transcription is assisted by the cell cycle pause triggered by the zygotic 

transcription of genes that downregulate Cdk1. Entry into mitosis aborts nascent 

transcription in progress, so the longer a gene is, the longer interphase must be for it to be 

successfully transcribed80. "us, the expression of relatively short genes that slow the cell 

cycle (e.g. frühstart and tribbles) creates a permissive condition that allows the transcription of 

longer genes in cycle 14.

 4.3.6: Summary

 "e regulation of zygotic genome activation in Drosophila remains the next frontier 

in understanding the regulation of the mid-blastula transition. Recent studies into the 

question have become increasingly detailed and revealed the granularity of the problem; 

namely, that the onset of transcription is not a single event, but at least two simultaneous (in 

wild-type embryos) but separately signaled events in Drosophila. In all likelihood, it is far 

more than two events, however, with a handful of major changes interacting di!erently at the 

promoter of each activated gene. Further investigation into this question will give insight 

into basic regulation of transcription, as well as helping to understand the timing of the mid-

blastula transition itself. Moreover, since the maternal-zygotic transition is universal, the 

mechanisms that will be uncovered are quite likely to be conserved to other organisms as 

well.

4.4: Implications for other organisms

Finally, though the mid-blastula transition (MBT) and maternal-zygotic transition (MZT) 

are modified slightly to fit the needs of each individual organism, these transitions are ancient 

and widespread. "us, many underlying mechanisms are expected to be reused between 

organisms. Moreover, the aspects of regulation whose mechanisms di!er but result in the 

same final changes will expose the underlying logic of the transition that is absolutely 

120



conserved. For instance, the e!ect of Cdk1 on replication timing is probably not specific to 

Drosophila. Mammalian nuclei transplanted into Xenopus extracts exhibit compressed 

replication timing when cyclin-dependent kinase activity is increased in the extract57. 

Additionally, the downregulation of Cdc25 and inhibition of Cdk1 at the mid-blastula 

transition is conserved to other phyla, since Cdk1 is marked with inhibitory phosphorylation 

starting at the MBT in Xenopus as well102. 

 Other aspects of mechanism determined in this thesis may be quite di!erent in other 

organisms. For instance, the control of Cdk1 downregulation by the onset of NC-dependent 

transcription is probably not conserved to Xenopus. While the inhibition of transcription by 

α-amanitin has long been known to prevent proper execution of the MBT in Drosphila40, it 

does not have a similar e!ect in Xenopus2. Instead, reports suggest that the activity of Chk1 

kinase is more important in Xenopus93, though we find that it is not strictly important in 

Drosophila (see Chapter 3).

 A number of prominent model organisms that exhibit dramatic slowing of their cell 

cycle immediately prior to gastrulation, including mammals1, have not been closely 

investigated to see whether downregulation of Cdk1 and Cdc25 are involved in this slowing; 

nor has the mechanism that would control it been elucidated. It may seem unlikely that the 

onset of zygotic transcription could control this in a number of organisms, since in many 

phyla (e.g. mammals), the MZT and MBT occur at very di!erent times9. However, though 

the major onset of transcription occurs long before the MBT in some organisms, it remains 

possible that a number of transcripts that regulate the cell cycle are still repressed until later. 

For instance, in Drosophila, the majority of transcripts are regulated by the “time-dependent” 

mechanism, while a much smaller subset, which includes the genes that regulate the cell cycle 

at the MBT, is regulated by the NC ratio41. While these two classes of transcripts are 

triggered simultaneously in Drosophila, there is no reason that they could not be decoupled 
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in other organisms; perhaps the early onset of zygotic transcription in mammals represents 

primarily the time-dependent transcripts, whereas the transcripts that control the cell cycle 

are reserved until later and still triggered by an NC threshold that is met immediately prior 

to gastrulation. Further experiments will be required to investigate and understand the 

connections between these processes in other organisms.
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APPENDIX A

string mRNA destruction and Held Out 

Wings’ involvement at the MBT
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A.1: Summary

"e downregulation of Cdc25 is critical for the lengthening of the cell cycle at the mid-

blastula transition (MBT). Previous models had proposed that this was regulated by the 

elimination of cdc25 transcripts in cycle 14; the kinetics of string mRNA was considerably 

more tightly linked to the timing of the MBT, so we focused on understanding how string 

mRNA elimination was accomplished and timed. We found that the string 3’ UTR limited 

the e#ciency of injected string mRNA through its binding motif for the RNA-binding 

protein, Held Out Wings. Overexpression of a non-repressive isoform of Held Out Wings 

could disrupt the prolongation of the cell cycle at the MBT, dependent on the presence of 

string transcript. 
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A.2: Introduction

Since Cdc25 downregulation was a critical component of remodeling the cell cycle at the 

MBT, and one proposed input into Cdc25 downregulation was the destruction of cdc25 

mRNA in cycle 1431, we decided to investigate the mechanisms behind the destruction of 

cdc25 mRNA. While both string and twine had been shown to decline in cycle 14, the 

dynamics of string elimination were considerably faster and more tightly linked to the MBT 

than those of twine elimination. "us, it seemed likely that the elimination of string mRNA 

would be more important for timing the MBT than the elimination of twine mRNA, so we 

decided to focus on understanding the mechanism behind string mRNA elimination at the 

MBT. 
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A.3: Results

A.3.1: string mRNA is rapidly destroyed at the MBT

We first performed RT-PCR to confirm the rapid destruction of string mRNA in cycle 14. 

Indeed, we found that string mRNA levels remained relatively constant before the MBT 

(when comparing cycles 11–13), but rapidly declined in the first 20 minutes of cycle 14 

(Figure A.1a). 

A.3.2: "e activity of string mRNA is constrained at the MBT

"e elimination of Cdc25 activity at the MBT is critical for both aspects of cell cycle 

lengthening at the MBT. "e introduction of string mRNA in cycle 14 can induce embryos 

to undergo an additional short, syncytial division, with a short S-phase and no G2 (see 

Chapter 2, esp. Figure 2.1c)17,77. "e penetrance of this phenotype, however, depends on the 

concentration of the injected string mRNA. While a high dose of 600 ng/µl string mRNA (as 

used in Chapter 2) induces a short cell cycle in all injected embryos. However, lower doses of 

mRNA cause only a portion of injected embryos to shorten their cell cycle. A quarter of that 

dose (150 ng/µl string mRNA) only induced a short cell cycle in only 11% of embryos, and 

an even lower dose (75 ng/µl string mRNA) induced a short cell cycle in 8% of injected 

embryos (Figure A.1b, green dots). "is indicated that a high dose of string mRNA was 

required to induce a shortened cell cycle. In fact, this dose of mRNA, while much higher 

than the amount of endogenous string mRNA in a pre-MBT embryo, only produced an 

amount of String protein that was comparable to the amount of String protein in the pre-

MBT embryo (see Chapter 2, Figure 2.1a). "is indicated that string mRNA injected in cycle 

14 had less capacity to generate a phenotype (and thus, presumably less capacity to generate 

String protein) in cycle 14 than in preceding cycles. 
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 "ere were several potential limitations of string mRNA in cycle 14. One is that a 

protein mechanism that destroys String protein becomes active well before the MBT18. 

Protein destruction concurrent with translation would, of course, limit the amount of 

protein that can be produced from a transcript. However, another contributor is certainly the 

RNA destruction mechanism that is active in cycle 14; since string mRNA is being destroyed 

in cycle 14, this would also obviously limit the amount of protein that could be produced 

from it.

 Since much of mRNA metabolism is regulated by the 3-prime untranslated region 

(3’ UTR), we first produced a mutant of string mRNA where string 3’ UTR was replaced by 

the 3’ UTR of the transcript encoding the ribosomal protein, RpA1 (string-rpA1 mRNA). 

We then injected this mRNA into embryos at the similar concentrations to the previously 

injected wild-type string mRNA. However, we found that string-rpA1 mRNA was 

considerably more e#cacious, generating a shortened cell cycle in approximately six-fold as 

many embryos (nearly half of treated embryos, even for the lowest tested dose, 75 ng/µl) 

(Figure A.1b, red dots). "is indicated that, indeed, something within the 3’ UTR of string 

mRNA was responsible for constraining its activity in cycle 14.

A.3.3: "e Held Out Wings binding site limits string mRNA activity in cycle 14

Searching through published literature led to a candidate for a protein involved in the 

limitation of string mRNA activity in cycle 14, the RNA-binding protein Held Out Wings 

(HOW). Embryos that are both maternally and zygotically mutant for how, generated by 

inducing mutant clones in the germline of the mother (hereafter referred to as “how 

embryos”) exhibited a precocious division in cycle 14 in mitotic domain 10—the 

presumptive mesoderm—which caused defects in gastrulation103. Moreover, these embryos 

were shown to have elevated levels of string mRNA. Lastly, in vitro work had shown that 

127



Held Out Wings could bind to string mRNA via its 3’ UTR, and in cell culture, expression 

of Held Out Wings could reduce the steady state level of transcripts with a string 3’ UTR103.

 "us, to test whether Held Out Wings could explain why string mRNA with its 

endogenous 3’ UTR was so much less active than string mRNA with its 3’ UTR replaced, we 

generated a mutant string 3’ UTR that should not bind Held Out Wings. Previous research 

had shown that Held Out Wings bound to RNA stem-loops, where the loop was 13 or 14 

nucleotides and contained the sequence ACUAA104. Mutation of this sequence to ACUCA 

or ACUGA abrogated Held Out Wings binding in vitro104. "e 3’ UTR of string indeed 

contained such a sequence, so we generated a 2 base pair mutation in it, changing ACUAA 

to ACCCA, which should not bind Held Out Wings. Injection of string mRNA with this 2 

base pair mutation (“string–how mRNA”) at various concentrations showed that string–how 

mRNA was about five times more e!ective at generating shortened cell cycles than wild-type 

string mRNA (Figure A.1b, blue dots). "is suggested, first, that the Held Out Wings 

binding site was indeed vital for the limitation of string mRNA activity that we observed in 

cycle 14. Furthermore, since string–how mRNA was nearly as e!ective as string-rpA1 mRNA, 

this suggested that Held Out Wings binding was, in fact, entirely responsible for the e!ect of 

the string 3’ UTR in limiting the activity of string mRNA in cycle 14. 

A.3.4: Dominant negative HOW can prevent the MBT cell cycle slowing

Since the Held Out Wings binding site seemed to be responsible for limiting the e!ect of 

string mRNA injected in cycle 14, we wanted to see what e!ect inhibiting Held Out Wings 

function at the time of the MBT would generate. Previous work reported that some HOW 

embryos had defects in the cell cycle around the time of the MBT103, suggesting that HOW 

might be required for the MBT. "e generation of germline clones to remove both maternal 

and zygotic Held Out Wings function failed in our hands. While the embryos clearly had 
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defects, the rate of embryo hatching did not agree with expectations, and led us to believe 

that the flies we generated may not be reliable. Since we were unsure of them, we do not 

include discussion of results generated from these embryos here.

 Instead, we used a dominant-negative approach to inhibit Held Out Wings function. 

HOW protein is present in multiple isoforms that have opposing functions—a long isoform, 

HOW(L), and a shorter isoform, HOW(S). "e major features of the long isoform are its 

STAR superdomain, which confers RNA-binding activity, and a non-canonical nuclear 

localization signal (NLS) at its C-terminus105. "e shorter form, HOW(S) lacks this NLS 

(Figure A.2a). Consequently, while the HOW(L) form is primarily found in the nucleus, the 

HOW(S) form resides primarily in the cytoplasm105. With some model transcripts, the 

nuclear localization of HOW(L) is required for its repressive activities, and HOW(S) and 

HOW(L) had been shown to compete for binding to the same transcripts105. "us, 

overexpression of HOW(S) should compete with HOW(L), thereby freeing transcripts that 

are normally repressed by HOW(L) at the MBT.

 So, we generated how(s) mRNA and injected it at high concentration into histone-

GFP embryos before the MBT and followed the cell cycle in these embryos. Many embryos 

exhibited an additional short, syncytial division (Figure A.2b). "e timing of this division 

indicated that S-phase had been shortened, and the G2 had been eliminated, similar to what 

we observed when embryos were injected with string mRNA (Figure A.2b). However, the 

shape of the zone that entered the short cycle was of a di!erent characteristic shape than that 

triggered by introduction of string or twine mRNA. "e border of the extra division was 

generally perpendicular to the anterior-posterior axis of the embryo when string or twine 

mRNA was injected, but how(s) mRNA habitually generated a cone-shaped border (as 

exemplified in Figure A.2b). We do not understand the basis of the di!erence in these 

patterns. However, the shortened cell cycle generated by how(s) mRNA—similar to a 
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shortened cell cycle generated by string mRNA—suggested that it was indeed possible that 

Held Out Wings was involved in limiting string mRNA activity in cycle 14.

 Even though we were injecting massive doses of how(s) mRNA (1500 ng/µl), we had 

not reached saturation of the phenotype—only 64% of the embryos exhibited an extra 

syncytial division. Moreover, when the dose was cut in half (to 750 ng/µl), the percentage of 

embryos that exhibited an extra division was also cut in half (to 31%) (Figure A.2c). More 

importantly, when embryos were injected with this lower dose (750 ng/µl) of how(s) mRNA, 

but also a dsRNA against string, the phenotype was nearly completely rescued. Only 4% of 

these embryos exhibited an extra syncytial division, representing an 87% reduction in the 

penetrance of the phenotype (Figure A2.c). "is suggested that, indeed, the reason that 

how(s) mRNA caused an extra division was through increasing the activity of string mRNA in 

cycle 14. Moreover, it suggested that even the endogenous amount of string mRNA in an 

embryo in cycle 14 could potentially be su#cient to disrupt the MBT if factors that regulate 

it were not present.

 "ere are potential caveats to this approach of using how(s) mRNA, however. Some 

reports have found that the HOW(S) isoform acts primarily as an endogenous sort of 

dominant-negative, produced in order to relieve some transcripts of the repressive e!ects of 

HOW(L)106. However, other studies have found that HOW(S) may not act only to relieve 

the repression of HOW(L), but it may actually stabilize or increase translation of its target. 

"is has not been tested for string mRNA specifically. If how(s) mRNA causes extra 

translation of string mRNA above baseline, then it is possible that our treatment with how(s) 

mRNA is equivalent to the injections of in vitro transcribed string mRNA from Chapter 2.

A.3.5: Is Held Out Wings regulated at the MBT?
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Held Out Wings protein seemed to have a role in limiting the activity of string mRNA in 

cycle 14. Since string mRNA is destroyed rapidly in cycle 14, and it had been shown that one 

of HOW(L)’s repressive mechanisms was through mRNA destruction, perhaps HOW acted 

through triggering the destruction of string mRNA. "is was especially attractive, since 

HOW had been shown to reduce levels of string mRNA in cell culture103. Since the 

destruction of string mRNA was activated upon entry into cycle 14, this raised the possibility 

that Held Out Wings was regulated and activated in cycle 14. Research published about 

Held Out Wings and related family members suggested a number of potential mechanisms 

that could regulate Held Out Wings activity, so we set out to test these hypotheses. 

 First, though Held Out Wings is present maternally103, since there is a burst of gene 

expression in cycle 14, due to the bulk onset of zygotic transcription at this time, it was 

possible that HOW was regulated by expression levels. To test this, we raised and purified an 

antibody against Held Out Wings protein, and performed a Western blot on staged, single 

embryos. We found that Held Out Wings was, indeed, present before the MBT (Figure A.

3a), both as its repressive, long isoform, HOW(L), and as its shorter, non-repressive isoform, 

HOW(S). "e two isoforms seemed to be present in approximately equal quantities. "ere 

was a transient, minor increase in the amount of HOW protein in cycle 13 and 14, relative 

to the preceding cycles. However, since premature introduction of how(l) mRNA did not 

trigger early destruction of string mRNA (data not shown), it did not seem likely that this 

slight increase was relevant. Also, the ratio of HOW(L) protein to HOW(S) protein 

remained constant at the MBT, suggesting that a shift in the relative quantities of the 

isoforms did not account for the activation of string mRNA destruction. "us, we conclude 

that a change in Held Out Wings protein levels does not activate string mRNA destruction at 

the MBT. 
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 Second, the repressive activity of Held Out Wings depended on its ability to localize 

to the nucleus, as shown by the di!erent functions of HOW(L) and HOW(S) isoforms, as 

well as a HOW(L) isoform with a single amino acid change in its nuclear localization 

signal105. "us, if the localization of HOW(L) protein was regulated and did not become 

nuclear until cycle 14, this could potentially regulate its activity and result in the onset of 

string mRNA destruction in cycle 14. "is was particularly attractive, as the NLS was not a 

canonical (i.e. positively charged) nuclear localization signal and contained a tyrosine that 

was important for its function105, which could potentially be regulated by phosphorylation. 

"us, we generated mRNA encoding GFP-HOW(L) fusion protein and injected it into 

embryos, which were observed live, to track the localization of HOW(L) over time. GFP-

HOW(L) was chosen over HOW(L)-GFP since the NLS was C-terminal, thus the N-

terminal GFP fusion was least likely to interfere with the function of the NLS. GFP-

HOW(L) strongly localized to the nucleus both before and after the MBT (Figure A.3b). "e 

protein was released into the cytoplasm during mitosis and rapidly imported into the nucleus 

after the completion of mitosis (Supplemental Movie A.2). "us, the activation of string 

mRNA destruction was not activated by a change in the localization of Held Out Wings 

protein at the MBT.

 Our third hypothesis was that perhaps the RNA-binding activity of Held Out Wings 

changed at the MBT. If it were not bound to string mRNA before the MBT, then perhaps 

this change could activate the destruction of string mRNA. Moreover, a mammalian RNA-

binding protein from the same family, QKI-5, shares the STAR RNA-binding domain. "e 

binding of QKI-5 to its target transcripts is regulated by the phosphorylation of several 

tyrosines in the protein by Src kinase107, providing a proof of principle that this mechanism 

of regulation could apply to Held Out Wings as well. To test this, we performed RNA 

immunoprecipitations to test how much string mRNA was associated with Held Out Wings 
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protein. We conjugated anti-HOW antibody (as well as control antibodies anti-GFP and 

anti-Twine) to beads, incubated it with extracts produced from embryos before and after the 

MBT, washed the beads extensively, and then purified the associated transcripts. Semi-

quantitative PCR was then performed to detect the amount of string transcript in each 

sample. We found that, even before the MBT, string mRNA was detectable after pulldown 

with anti-HOW antibody (Figure A.3c). "ere was no detectable string mRNA in samples 

pulled down with anti-GFP and anti-Twine antibody indicating that this was not simple 

background association with either beads or antibodies in general. "us, we conclude that 

Held Out Wings binds to string mRNA even before the MBT. After the MBT, string mRNA 

seemed to become more generally sticky, as it began to be pulled down by both the anti-GFP 

and anti-Twine antibodies. We have no explanation for this phenomenon. An association 

between Held Out Wings protein and string mRNA was not seen by pulldown after the 

MBT, however, we suspect this is because string mRNA bound by Held Out Wings is rapidly 

degraded after the MBT, making detection of the association by the relatively slow process of 

RNA immunoprecipitation impossible. However, since Held Out Wings binds string mRNA 

even before the MBT, and yet there is not destruction of string mRNA before the MBT, we 

conclude that a change in RNA-binding activity of Held Out Wings does not activate the 

destruction of string mRNA at the MBT. 

 Our fourth hypothesis was that, perhaps the multimerization of Held Out Wings was 

regulated at the MBT. Many STAR family proteins dimerize through activity of their Qua1 

domain, including exemplary members Sam68 (S. cerevisiae), Gld-1 (C. elegans), and QK1 

(M. musculus), and this can be required for their activity108. Moreover, at least for Sam68, 

this dimerization can be regulated by phosphorylation of the interaction domain108. "us, to 

test whether Held Out Wings dimerized, and whether that dimerization was regulated, we 

introduced expressed GFP-HOW(L) by injection of mRNA as before, and performed co-
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immunoprecipitation to determine whether endogenous HOW(L) associated with it. We 

found that endogenous HOW(L) was detected after pulldown with anti-GFP antibody 

(Figure A.3d). "is suggested that Held Out Wings indeed dimerized in Drosophila embryos. 

Also, even when embryos were treated with RNase A, the interaction was still detected at 

approximately the same level, indicating that it was a true protein-protein interaction, rather 

than mediated by multiple Held Out Wings binding sites on some of its targets. However, 

the relative amount of endogenous HOW(L) that was pulled down before and after the 

MBT suggested that the dimerization of Held Out Wings was not regulated at the MBT. 

"us, we conclude that the destruction of string mRNA is not activated by an increase in 

dimerization of Held Out Wings.

 Our final hypothesis was that, since Held Out Wings didn’t have any domains that 

were thought to directly regulate RNA stability, in order to destabilize string mRNA, it must 

participate in a complex. Perhaps the association of Held Out Wings and one or more 

members of this complex would be regulated at the MBT. In order to test this, we performed 

immunoprecipitation of Held Out Wings and detected the associated proteins on a silver 

stained gel (Figure A.3e). We did not detect any significant change in the associated proteins 

detected between the before MBT and after MBT sample. "us, either the complex(es) in 

which Held Out Wings participates do not change in composition at the MBT, or the 

relevant complex member was not pulled down under our conditions. "is suggests (though 

is not conclusive) that the destruction of string mRNA is not regulated by a change in 

association of a Held Out Wings binding partner at the MBT.  
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A.4: Discussion

A.4.1: Is Held Out Wings important for string mRNA destruction?

"e experiments that we present suggest that, indeed, Held Out Wings may be important for 

the process of string mRNA destruction and that string mRNA elimination could be 

important for the fidelity of the cell cycle slowing at the MBT. Indeed, previous models in 

the field have suggested that the elimination of string mRNA (along with twine mRNA) 

regulate the timing of the mid-blastula transition31. We have confirmed that string mRNA is 

destroyed in cycle 14 (Figure A.1a). Moreover, we found that string mRNA is bound by Held 

Out Wings (Figure A.3c and Figure A.1b); and that overexpression of the non-repressive 

form of Held Out Wings, which competes with the repressive form, can disrupt cell cycle 

slowing at the MBT (Figure A.2b), but only in the presence of string mRNA (Figure A.2c). 

Together, these results could suggest a model where binding of Held Out Wings protein to 

the 3’ UTR of string mRNA targets it for destruction that occurs in cycle 14, and this 

destruction may be important for the downregulation of Cdc25 and the resultant 

downregulation of Cdk1 that leads to the slowing of the cell cycle.

 However, there are several caveats to the experiments presented in this appendix that 

weaken that this interpretation. "e first is that the elimination of string mRNA may not be 

truly important for the downregulation of Cdc25 at the MBT. A protein destruction 

mechanism is active long before the MBT and slowly eliminates String protein even while its 

transcript survives18. "is destruction mechanism persists at least through the completion of 

S-phase in cycle 14, based on the inability of even transgenes expressing string to generate 

accumulation of String protein until after 50 minutes in interphase76. "us, this suggests that 

the persistence of string mRNA should not be able to cause a shortened S-phase in cycle 14, 

due to the protein destruction activity that is present, though it could potentially abbreviate 

the G2 pause that is introduced in interphase 14.
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 Furthermore, the approach we used to knockdown Held Out Wings activity, the 

introduction of how(s) mRNA is potentially problematic. It is entirely possible that HOW(S) 

does not just prevent the repressive activity of HOW(L), but in fact further increases the 

translation of string mRNA beyond its usual levels. "is may explain a curious feature of the 

data: a protein destruction mechanism causes String protein levels to decline before the 

MBT, even though pre-MBT amounts of string transcript are present; the String protein 

destruction mechanism is active during S-phase 14, which should preclude the activity of 

even pre-MBT levels of string transcript during S-phase 14; however, how(s) mRNA can 

generate a shortened S-phase 14. "us, perhaps the how(s) mRNA is actually causing 

overexpression of String. "is issue should be investigated with embryos that are truly null 

for Held Out Wings protein.

 Finally, there is not good evidence that the destruction of string mRNA itself is 

important, per se. Previous Northern blots show the very slightest downshift in the size of 

string mRNA during the syncytial blastoderm divisions (before the MBT)31. "is could 

potentially represent shortening of the poly(A) tail of string mRNA. "is has never been 

investigated at high resolution, and assays to detect the poly(A) tail length failed in our 

hands. However, this could suggest that string mRNA actually becomes translationally 

incompetent long before the MBT. "e maternal-zygotic transition (MZT) results in the 

clearance of numerous maternal transcripts in cycle 14; perhaps there are changes to the 

general mRNA destruction machinery that occur in this cycle that result in the elimination 

of already-inactivated string mRNA. "is could further explain the e!ect of how(s) mRNA; 

HOW(L) has been shown to act, not just in mRNA destruction, but also to regulate the 

translation of mRNA, possibly by sequestering it in the nucleus, away from the translation 

machinery. "us, since we upregulate HOW(S) well before the MBT, increased translation of 

string mRNA over time could allow for a much more significant accumulation of String 
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protein than just the activity of string mRNA in cycle 14, and thereby cause the MBT defects 

we observe after injection of how(s) mRNA. "e levels of String protein after treatment with 

how(s) mRNA should be assayed to investigate this issue.

 "e regulation of Cdc25 activity must necessarily be regulated by Cdc25 protein 

levels, which generate that activity. While cdc25 transcript metabolism could a!ect these 

protein levels, we have found evidence that both String and Twine proteins are eliminated 

before their respective transcripts. Moreover, these destruction mechanisms remain active 

during S-phase 14, helping ensure that Cdc25 protein levels remain low in interphase 1476. 

"us, we propose that these protein destruction mechanisms are probably more important 

for timing and triggering the MBT that the elimination of cdc25 transcripts, and ultimately, 

while string mRNA metabolism is important for regulating String protein levels, it is 

probably not involved in the timing or triggering of the MBT.

A.4.2: Is Held Out Wings regulated at the MBT?

Based on the function of Held Out Wings and the activity of several members of its wider 

family, we chose a variety of potential regulatory mechanisms to test. We tested expression, 

localization, dimerization, RNA-binding capacity, and association with other complex 

members, and did not find a change in any of these at the MBT. "is, of course, does not 

mean that Held Out Wings is not regulated at the MBT by some other mechanism that we 

did not test. For instance, blotting with antibodies that measure post-translational 

modifications (e.g. anti-phospho-Tyrosine, anti-Sumo, etc.) after immunoprecipitation of 

Held Out Wings from pre-MBT and post-MBT embryos could potentially reveal di!erences 

in post-translational modifications of Held Out Wings at the MBT that are important for its 

activity, but none of the aforementioned aspects of its function. On the other hand, perhaps 

Held Out Wings is not regulated at the mid-blastula transition at all. It is equally possible 
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that Held Out Wings is a constitutively active sca!old and some other member of its 

complex (any of the proteins detected in Figure A.3e, for instance), while always associated is 

regulated. Additionally, perhaps Held Out Wings’ function is not specific to the time of the 

MBT. If our previous suggestion that the translation of string mRNA is inhibited prior to the 

onset of the MBT is true, then perhaps Held Out Wings is involved in that aspect of 

regulating string translation, rather than its destruction specifically, in which case it may 

actually be active before the MBT. Additional experiments are required to di!erentiate 

between these possibilities.
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A.6: Figures, Tables, and Movies

Figure A.1: string mRNA activity is constrained in cycle 14 due to its destruction and its 

3’ UTR. (a) RT-PCR against string and rpA1 (control) performed on RNA isolated from 

single histone-GFP embryos that were observed live and picked o! of the microscope at the 

marked times illustrates the destruction of string mRNA that occurs specifically during the 

first half of cycle 14. (b) A comparison of the e#cacy of injected string mRNA with various 

3’ untranslated regions (UTRs). Embryos that were induced into an additional short, 

syncytial division were classified as “a!ected.” mRNA used had the string 5’ UTR and string 

coding sequence, followed by either the string 3’ UTR, the 3’ UTR of the rpA1 gene, which 

is normally stable at the MBT, or the string 3’ UTR with a 2 bp mutation removing its 

putative Held Out Wings binding site.
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Figure A.2: Dominant negative Held Out Wings can prevent the MBT slowing of the 

cell cycle. (a) A cartoon of the two most prominent isoforms of Held Out Wings, the long 

isoform, HOW(L), and the short isoform, HOW(S). Additional isoforms that have not been 

detected in significant quantities in the early embryo, including an intermediate length 

isoform, HOW(M), are not depicted. "e following domains of the protein are highlighted: 

the glutamine-rich N-terminus (“Q-rich”), the Signal Transduction and Activation of RNA 

superdomain (“STAR”) and its constituent Quaker 1 (“Qua1”), Quaker 2 (“Qua2”), and K 

Homology (“KH”) domains, as well as a non-canonical nuclear localization signal (“NLS”). 

(b) A histone-GFP embryo injected with how(s) mRNA, exhibits an additional short, 

syncytial division. Here, four frames are shown, with a line surrounding the region of the 

embryo going through the extra division. Times given are time in interphase 14. See also 
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Supplemental Movie A.1. (c) Histone-GFP embryos were injected with mRNA encoding the 

short form of Held Out Wings, how(s), then followed by live microscopy to determine what 

proportion of the embryo exhibited an additional short, syncytial division (“a!ected”). Some 

embryos were also injected with dsRNA against string, as marked.
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Figure A.3: Held Out Wings is not regulated at the MBT by expression, RNA binding, 

localization, or dimerization. (a) Western blot performed with Held Out Wings antibody 

on extracts generated from fixed single embryos. Cycle was determined by nuclear spacing 

and time in cycle 14 was estimated by nuclear length. Molecular weight of the detected 

isoforms was estimated by calculating a standard curve from pre-stained protein ladder 

(Fermentas PAGE Ruler Plus) that was run next to the lanes of interest (not pictured). (b) 

Histone-mRFP embryos were injected with mRNA encoding GFP-HOW(L) and then 

imaged live. HOW(L) exhibited strong nuclear localization both before and after the MBT, 

as pictured. DNA is displayed in magenta, GFP-HOW(L) is displayed in green. See also 

Supplemental Movie A-2. (c) RNA pulldown showing that Held Out Wings binds to string 

mRNA before the MBT. Various antibodies (anti-GFP, anti-Twine, and anti–Held-Out-
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Wings, as labelled above the lanes) were conjugated to magnetic beads. "e beads were 

incubated with embryonic extracts from before the MBT (0–1 hour after egg laying) and 

after the MBT (1h50m–2h50m after egg laying), washed, and then RNA was extracted from 

complexes assembled on the beads with Trizol. Semi-quantitative RT-PCR (cycle numbers 

are displayed to the left of the gel images) for string was then performed on the isolated 

RNA. (d) Immunoprecipitation showing that HOW(L) dimerizes both before and after the 

MBT in the presence and absence of RNase. Embryos were either uninjected (“–”) or 

injected (“+”) with mRNA encoding GFP-HOWL. Extracts were generated from these 

embryos either “early” (1h–1h30m after egg laying) or “late” (2h30m–3h after egg laying), 

some were treated with RNase A, and then incubated with beads conjugated with anti-GFP 

antibody. Beads were washed, then boiled in SDS-PAGE bu!er and blotted with anti–Held-

Out-Wings. GFP-HOWL (not shown) and endogenous HOW(L) were reliably detected. (e) 

Magnetic beads conjugated with anti-HOW antibody were used to immunoprecipitate Held 

Out Wings from embryos before (1h–1h30m after egg laying) and after the MBT (2h30m–

3h after egg laying). "e resultant protein samples were run on an SDS-PAGE gel and 

stained by silver staining in order to visualize associated proteins.
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Movie A.1: Extra division after treatment with dominant-negative how(s) mRNA. Movie 

is stitched from 2 fields of view to show the entire embryo. "e time shown is relative to the 

beginning of the movie. "e movie begins with the exit from mitosis 13 into interphase 14, 

during which a wave of extra rapid, syncytial division occurs, beginning at 0:22:06 and 

ending at 0:34:32 in the region of the embryo that was treated with how(s) mRNA.

Movie A.2: GFP-HOW(L) localization during the cell cycle. GFP-HOW(L) is shown in 

green, and DNA—labelled by H2AV-RFP—is shown in magenta. "e movie begins with the 

exit from mitosis 13, and then proceeds into interphase 14, when the rapid reimport of 

HOW(L) to the nucleus can be seen.
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A.7: Materials and Methods

A.7.1: Single embryo RT-PCR

Histone H2AVD-GFP embryos were mounted on slides and observed on the confocal 

microscope until the indicated times, as described in 2.7.6. "ey were then gently released 

from the slide as described in 3.7.6, and transferred into 80 µl of Trizol reagent in an 

Eppendorf-style pestle tube (Kimble Chase). "ey were smashed immediately with the pestle, 

and an additional 220 µl of Trizol reagent was added. "ey were incubated for 3 minutes at 

room temperature, then transferred to ice, where they were kept until all samples had been 

collected. RNA was isolated, according the manufacturer’s protocol, with an additional 

chloroform extraction added, and the pellet was resuspended in 10 µl of water. cDNA was 

prepared from each RNA sample as described in 2.7.2. string mRNA levels were assayed by 

performing semi-quantitative PCR (see 2.7.3.3 for PCR setup), where 10 µl of the PCR were 

removed every 2 cycles. "e primers used were ATCTGAAGAGCATCTCCAGCGAAA and 

ATAACGAACTGCACGATCATCCC.

A.7.2: Generation of constructs

PCR and construct generation was performed as in 2.7.3.3.

 A.7.2.1: Construct design: For each relevant plasmid (“Final Construct”), the insert 

(“Insert”) was PCR amplified from either plasmid or cDNA library template (“Amplified 

From”) using the primer set (“Primers,” see below) given. "e restriction enzyme pair 

(“Restriction Enzymes”) was then used to clone into the destination vector (“Destination 

Backbone”).

Final 
Construct

Insert Amplified 
from

Primers Restriction 
Enzymes

Destination 
Backbone

p-stg-rpA1 string 5‘UTR, 
CDS

pcStg1.8 Stg 5O Acc65I, XbaI pBS2KS
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rpA1 3‘UTR cDNA Rpa1 3U XbaI, NotI pBS2KS

p-how(l)-
SF449

HOW(L) CDS cDNA HOW CDS 
FWD, HOWL 
CDS REV

BamHI, XbaI SF449

p-how(s)-
SF449

HOW(S) CDS cDNA HOW CDS 
FWD, HOWS 
CDS REV

BamHI, XbaI SF449

p-HOW(L)-
pET28

HOW(L) CDS cDNA HOWL pET28 NdeI, NotI pET28b

p-
HOW(L)pt2-
pET28

HOW(L) 
fragment

cDNA HOWL pt2 NdeI, NotI pET28b

p-
HOW(L)pt3-
pET28

HOW(L) 
fragment

cDNA HOWL pt3 
FWD, HOWL 
pET28 REV

NdeI, NotI pET28b

p-GFP-
HOWL-SF449

GFP pAGW GFP-howl BamHI, EcoRI SF449

HOW(L) CDS cDNA gfp-HOWL 
FWD, HOW 
CDS REV

EcoRI, XbaI SF449

 A.7.2.2: Primers: Square brackets ([]) surround restriction sites used for cloning, 

lowercase letters refer to added spacer sequence, and uppercase letters indicate the portion of 

the primers that anneal to the relevant gene sequence.

Primer 5’ – Sequence – 3’

Stg 5O FWD tat[GGTACC]GCCAGATTCTCCTCGTTTCT

Stg 5O REV gc[TCTAGA]CTACAGCATCAGTCGCGACG

RpA1 3U FWD gc[TCTAGA]GCGGTTGAATGTGGCGAATATA

RpA1 3U REV tactcgtg[GCGGCCGC]GGTTTATATAAAGTGCAAACACTGCTGA

HOW CDS FWD cg[ggatcc]ATGAGTGTCTGTGAGAGCAAA

HOWL CDS REV gc[tctaga]TTACTGTATCTCAATGAAACCCG

HOWS CDS REV gc[tctaga]TTATCTGGCAAACAACCCAC

HOWL pET28 FWD ggaattc[catatg]ATGAGTGTCTGTGAGAGCAAA

HOWL pET28 REV ataagaat[gcggccgc]CTGTATCTCAATGAAACCCGCCG
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HOWL pt2 FWD ggaattc[catatg]CGCCTGCTGGACGAAGAAATT

HOWL pt2 REV ataagaat[gcggccgc]GCACACTGCGACAGATTTCGC

HOWL pt3 FWD ggaattc[catatg]GATGAGGAGTGGCGCCGC

GFP-howl FWD cg[ggatcc]ATGGTGAGCAAGGGCGAGGA

GFP-howl REV cg[gaattc]CTTGTACAGCTCGTCCATGCC

gfp-HOWL FWD cg[gaattc]ATGAGTGTCTGTGAGAGCAAA

A.7.3: Site-directed mutagenesis

Site-directed mutagenesis was performed as described in 2.7.4. p-stg-HOW was produced 

from the plasmid pJFStg (2.7.3) with the primers 

TCATTTGTTAATCCGTAGACCCAGTTTCTCGCACACGACGCA and 

TGCGTCGTGTGCGAGAAACTGGGTCTACGGATTAACAAATGA. 

A.7.4: in vitro transcription of mRNA

mRNA was transcribed as in 2.7.5. "e table below gives the details of the preparation of 

each individual injected mRNA, including the source plasmid (“Construct”) and enzyme 

used to linearize the plasmid before transcription (“Linearized with”). Most mRNAs were 

transcribed with T7 polymerase, but a few required T3 polymerase, as noted in “Transcribed 

with.” "e final concentration used for injections is also given (“Injected at”).

mRNA Construct Linearized With Polymerase Injected at

String pJFStg (2.7.3) NotI T3 75–600 ng/µl

String-RpA1 p-stg-rpA1 XbaI T7 75-150 ng/µl

Stg-HOW p-stg-HOW NotI T3 75-150 ng/µl

HOWL p-how(l)-SF449 XbaI T7 1500 ng/µl

HOWS p-how(s)-SF449 XbaI T7 750–1500 ng/µl

GFP-HOWL p-GFP-HOWL-
SF449

XbaI T7 300 ng/µl
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A.7.5: Embryo injection and imaging

Embryos were collected, injected, and imaged as described in 2.7.6. 

A.7.6: dsRNA production

Double-stranded RNA against string was prepared as described in 3.7.2.

A.7.7: Held Out Wings antibody

 A.7.7.1: Protein expression and purification: Full length Held Out Wings protein 

was expressed by transforming p-HOW(L)-pET28b into BL21(DE3) cells. "e protein was 

then expressed as described in 3.7.5.2, except that the culture was shifted to 16°C before 

induction with IPTG and was induced for 6 hours at 16°C. "e protein was then purified 

under the same conditions as described in 3.7.5.3.

 A.7.7.2: Raising antibody: "e purified protein was dialyzed into PBS and sent to 

Pacific Immunology to immunize rabbits.

 A.7.7.3: Antibody purification: Two fragments encoding di!erent regions of 

HOW(L) were expressed and purified. "e first fragment was the STAR domain of the 

protein, and was expressed from the plasmid p-HOW(L)pt2-pET28b. "e second fragment 

was the C-terminus of the protein, including the non-canonical NLS domain, and was 

expressed from the plasmid p-HOW(L)pt3-pET28b. "ese fragments were expressed and 

purified as described in A.7.7.1. "ey were then used to produce purification columns and 

purify two independent populations of antibody as described in 3.7.5.5.

 A.7.7.4: Antibody verification: Both populations of antibody, which were purified 

again non-overlapping regions of the HOW(L) protein, recognized the same bands on a 
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Western blot, whose sizes corresponded correctly to the expected HOW(L) and HOW(S) 

isoforms, when compared to a pre-stained protein ladder run in a neighboring lane.

A.7.8: RNA immunoprecipitation

 A.7.8.1: Conjugating antibody to beads: Washed 40 µl of Dynabeads Protein A 

(Invitrogen) 2 times in 200 µl of 0.1M Sodium Phosphate Bu!er pH 8.1. Resuspended 

beads in 95 µl of 0.1M sodium phosphate bu!er pH 8.1, added 5 µl of relevant antibody 

(anti-HOW(L)—see A.7.7, anti-Twe—see 3.7.5, anti-GFP—Molecular Probes), and allowed 

antibody to bind at room temperature for 20 minutes on rotator. "e beads were then 

washed 3 times with 200 µl of 0.2 M triethanolamine, pH 8.2, and then the antibody was 

crosslinked to the beads by replacing the wash with 200 µl of 20 mM DMP (dimethyl 

pimelimidate, Pierce) in 0.2 M triethanolamine pH 8.2 that was prepared immediately prior 

to use. "e crosslinking reaction was allowed to proceed for 30 minutes at room temperature. 

"e beads were then rinsed twice with 50 mM Tris pH 7.5 to terminate the crosslinking 

reaction. "ey were then incubated in 50 mM Tris pH 7.5 for 15 minutes at room 

temperature. "e beads were then washed 3x in RIPA bu!er (150 mM NaCl, 50 mM Tris 

pH 7.4, 1% NP-40, 1 mM EDTA), resuspended in 40 µl of RIPA bu!er, and stored at 4°C 

until use (for up to two weeks).

 A.7.8.2: Extract preparation: Wild-type (Sevelen) embryos were collected and 

dechorionated, according to standard procedures. Liquid was removed from the basket by 

blotting with a Kimwipe, and embryos were transferred to Eppendorf tubes with a 

paintbrush. Embryos were weighed to ensure that equal amounts of material were used in 

every sample (150 mg ± 5 mg). "e embryos were then resuspended in 300 µl of RIPA bu!er 

(150 mM NaCl, 50 mM Tris pH 7.4, 1% NP-40, 1 mM EDTA) to which 100 U of RNase 

inhibitor was added (NEB) and then chilled on ice. "e embryos were then crushed in a 2 
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mL Dounce homogenizer (with pestle B) using 8–10 passes. "e extract was then transferred 

to 0.5mL Eppendorf (this was easiest with a long-tipped gel-loading pipette) and spun at 

14,000 rpm for 2 minutes. "e center phase (i.e. not the pelleted chorion and detritus at the 

bottom, and not the layer of lipid and yolk at the top) was transferred to a new tube as best 

as possible, which was again spun at 14,000 rpm for 2 minutes. "e center phase was again 

transferred to a new tube. "e extract was then cleared of non-specific binders by adding 6 µl 

of mock-conjugated beads that had been prepared as in A.7.8.1, but without added antibody, 

and then rotating for 10 minutes at 4°C on a tube rotator.

 A.7.8.3: Immunoprecipitation: 6 µl of antibody conjugated beads were rinsed again 

in RIPA bu!er, then the RIPA bu!er was removed. 10 µl of RIPA bu!er was added along 

with 4 µl of 10 mg/mL E. coli tRNA (Sigma) and incubated for 10 minutes at 4°C. 4 µl of 

10 mg/mL E. coli tRNA was then added to the cleared extract, which was split into 4 

samples of equal volume (input, anti-HOW, anti-Twe, anti-GFP). Half (10 µl) of the treated 

beads were added to their appropriate samples (half was used because there was an early and a 

late sample, each of which got half of the beads). "e beads were allowed to bind their targets 

for 30 minutes at 4°C on a tube rotator. After binding, the beads were washed 3 times with 

RIPA bu!er for 1 minute each.

 A.7.8.4: RNA extraction and RT-PCR: All supernatant was then removed and 400 µl 

of Trizol reagent was added to the tube. "e beads were incubated with Trizol for 5 minutes, 

pipetting up and down approximately every minute and a half. RNA extraction was 

completed and RT-PCR for string and rpA1 were then performed as described in A.7.1.

A.7.9: Immunoprecipitation

 A.7.9.1: Preparation of antibody-conjugated beads. Either GFP antibody or 

HOW(L) antibody was conjugated to beads as described in A.7.8.1.
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 A.7.9.2: Generation of extracts. Sevelen (wild-type) embryos were collected for 30 

minutes then dechorionated for 2 minutes in bleach. Over the next 40 minutes, 120 Sevelen 

(wild-type) embryos were aligned and either left uninjected or injected with mRNA 

encoding GFP-HOW(L). "ey were then aged for 20 minutes or 1h50 minutes (“early” or 

“late” sample), released from their slide with heptane, and transferred to a 2 ml Dounce 

homogenizer on ice. "e heptane was completely removed, using a long-tipped gel-loading 

pipette, and replaced with 400 µl of RIPA bu!er (150 mM NaCl, 50 mM Tris pH 7.4, 1% 

NP-40, 0.25% sodium deoxycholate, 1 mM EDTA, 1 mM PMSF, 1 µg/ml aprotinin, 1 µg/

ml leupeptin, 1 µg/ml pepstatin). 40 µg/ml RNase A was added to some samples. "e 

embryos were then crushed with 8 passes of pestle B. "e extract was then transferred to 

0.5mL Eppendorf (this was easiest with a long-tipped gel-loading pipette) and spun at 

14,000 rpm for 2 minutes. "e center phase (i.e. not the pelleted chorion and detritus at the 

bottom, and not the layer of lipid and yolk at the top) was transferred to a new tube as best 

as possible, which was again spun at 14,000 rpm for 2 minutes. "e center phase was again 

transferred to a new tube. 

 A.7.9.3: Immunoprecipitation. 10 µl of beads were added to each sample, and 

allowed to bind protein for 30 minutes rocking at 4°C. "e beads were then washed 3 times 

for 1 minute each with RIPA wash bu!er (same as RIPA bu!er, but with NaCl increased to 

450 mM). "e wash bu!er was removed completely (using a gel-loading pipette) and 

replaced with 15 µl of 2xSDS-PAGE bu!er. "e sample was boiled for 5 minutes, and then 

loaded on an SDS-PAGE gel. 

A.7.10: Western blotting

Westerns were performed as described in 2.7.7, but with 1:1000 rabbit anti-HOWL-pt3 

antibody. 
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A.7.11: Silver Stain

10% acrylamide SDS-PAGE gel was run, according to standard protocols. "e gel was 

carefully removed from glass plates, and the stack was cut o!. It was fixed in 50 ml of high-

fix (40% ethanol, 10% glacial acetic acid, 50% water) for 30 minutes at room temperature 

with gentle shaking. It was then sensitized in 50 ml of sensitizing solution (15% ethanol, 

6.8% sodium acetate, 0.2% sodium thiosulphate, 0.125% freshly added glutaraldehyde) for 

30 minutes at room temperature with gentle shaking. It was them rinsed 3 times for 5 

minutes in ddH2O. It was then incubated for 30 minutes at room temperature with gentle 

shaking with silver staining solution (0.25% silver nitrate, 0.015% freshly added 

formaldehyde). "e gel was rinsed 2 times for 1 minute with ddH2O. It was then rinsed 2 

times for 15 seconds with 25 ml of developing solution (2.5% sodium carbonate, 0.0075% 

freshly added formaldehyde) and then incubated with 50 ml of developing solution until the 

desired staining intensity was reached. "e development was then stopped with 50 ml of stop 

solution (1.5% sodium EDTA) for 5 minutes, and rinsed 3 times for 5 minutes with 

ddH2O. "e gel was then incubated overnight at room temperature with gentle rocking with 

50 ml of preserving solution (30% ethanol, 4% glycerol), then photographed and dried.
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APPENDIX B

Impact of improper mitosis on morphogenesis
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B.1: Summary

"e mid-blastula transition (MBT) is comprised of two major features: the slowing of the 

cell cycle and the onset of morphogenesis. However, these processes are timed independently: 

the slowing of the cell cycle is timed by the NC ratio, where the onset of morphogenesis is 

timed independently of the NC ratio. While these triggers occur simultaneously in wild-type 

embryos, these processes are not strictly coupled at the MBT and can be induced to occur 

separately. However, though the onset of morphogenesis is timed independently of the NC 

ratio, the slowing of the cell cycle is a necessary, permissive condition for morphogenesis. 

Premature entry into mitosis aborts cellularization furrows in progress and forces them to 

restart at the base of the nuclei in the following interphase. Mitosis during ventral furrow 

formation prevents the invagination of cells that would normally be a part of the furrow, but 

instead are induced into mitosis. "us, though it does not directly time the onset of 

morphogenesis, the NC ratio indirectly regulates morphogenesis at the MBT, since it must 

trigger the slowing of the cell cycle in order for morphogenesis to succeed.
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B.2: Introduction

"e characteristic events at the Drosophila mid-blastula transition (MBT) include the slowing 

of the cell cycle, cellularization of the blastoderm, and the onset of the first observable 

gastrulation movements—the formation of the cephalic and ventral furrows. Not all of these 

events are timed by the same mechanisms, however. "e slowing of the cell cycle is timed by 

the achievement of a particular NC ratio in the embryo (i.e. the accumulation of su#cient 

DNA through the continued progress of the cell cycle). For instance, embryos with altered 

DNA content slow their cell cycle at di!erent times40,41. "e morphogenetic events, however, 

are not believed to be sensitive to the NC ratio. For instance, in haploid embryos, the time of 

onset of cellularization and gastrulation is unchanged relative to cycle 10, though 

cellularization does not complete in cycle 14, but instead completes in cycle 1540. Moreover, 

embryos whose cell cycle is arrested early by cyclin knockdown still undergo cellularization 

and gastrulation at approximately the normal time, though they never achieve a cycle 13 or 

14 NC ratio19. 

 However, even though morphogenesis and the slowing of the cell cycle are timed by 

independent mechanisms, there is likely still an interaction between them, in that the two 

processes are expected to be incompatible. For instance, cellularization of the syncytial 

blastoderm is a critical task for the embryo during interphase 14, as it is an underlying 

requirement for the success of other critical developmental processes in cycle 14. "e cell 

shape changes that drive the progress of gastrulation cannot be initiated without a complete 

plasma membrane around each cell, and the changes in gene expression that begin in 

interphase 14 and initiate the cascade of di!erentiation also require that individual nuclei be 

separated from each other by plasma membrane. However, entry into mitosis requires a 

massive reorganization of the cytoskeleton that is incompatible with the cytoskeletal 

movements that drive progress of the furrows between the nuclei. Indeed, in haploid 
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embryos, it seems that, while cellularization begins in cycle 14, it is aborted by the additional 

syncytial mitosis, and must begin again in cycle 1540,53. Additionally, it is expected that 

gastrulation movements and mitosis may not be compatible, due to the massive cytoskeletal 

reorganization that is necessary in order to cause the cell shape changes that drive the 

gastrulation movements. Indeed, reports of mutants that undergo a precocious mitosis in the 

invaginating mesoderm show that it can delay or abort the progress of that gastrulation 

movement43,44. "us, it would seem that morphogenesis, while not directly timed by the NC 

ratio, could be sensitive to the NC ratio indirectly, as failure to slow the cell cycle at the 

MBT can delay or disrupt morphogenesis. In order to investigate the interaction between 

morphogenesis and continued cell cycle at the MBT, we used fluorescent markers and live 

microscopy to follow the disruption of morphogenesis by entry into mitosis in real-time. 
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B.3: Results

B.3.1: Mitosis aborts cellularization, causing it to begin anew

To visualize the progress of cellularization, we used embryos marked with spaghetti-squash–

gfp. Spaghetti Squash is the regulatory light chain of non-muscle myosin and is highly 

enriched at the actin contractile ring that is at the leading edge of the ingressing furrows. In 

order to investigate the e!ect of entry into mitosis on cellularization, embryos were injected 

at the pole with twine mRNA in late cycle 13 to trigger an early entry into mitosis in cycle 

14, during the process of cellularization. Both ends of the embryo simultaneously began 

membrane ingression, as measured by the distance from the outside of the embryo to the 

Spaghetti-Squash–GFP signal (Figure B.1a, 0 min). However, on the injected end of the 

embryo, prior to beginning of DNA condensation, the Spaghetti-Squash–GFP signal raced 

to the basal tip of the nuclei (Figure B.1a, 3 min). "e Spaghetti-Squash–GFP localization 

became undetectable during mitosis, while the DNA was condensed (Figure B.1a, 7 min). 

"en, after the reformation of the nuclei, the furrow reformed at the apical tip of the nuclei, 

resulting in a reappearance of Spaghetti-Squash–GFP signal (Figure B.1a, 22 min). 

Cellularization after a mitotic interruption in the injected end of the embryo proceeded with 

approximately the same kinetics as cellularization in the uninjected end, though delayed, 

(Figure B.1b) and completed successfully. "is is similar to what has been observed in 

haploid embryos that slow their cell cycle one cycle later than in wild-type embryos, but yet 

begin the process of cellularization at the same time40. "is result underscores that the onset 

of cellularization and the slowing of the cell cycle at the mid-blastula transition are not timed 

by the same mechanism. "e two triggers occur concurrently in wild-type embryos, but 

really the slowing of the cell cycle creates a permissive condition that allows cellularization to 

progress to completion. In embryos that undergo only a single extra division, such as the one 

pictured in Figure B.1, cellularization can recover, but in embryos that undergo more than 
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one extra division (such as the one pictured in Figure 2.1c), cellularization cannot be 

completed before the onset of gastrulation.

B.3.2: "e process of mitosis prevents the proper gastrulation movements

Gastrulation seems to begin based on absolute time, meaning that it begins without reference 

to the state of the cell cycle. In many embryos that fail to slow their cell cycle at the MBT 

(including that pictured in Figure 2.1b), an extra division can be tolerated because there is 

su#cient time for it in cycle 14 before gastrulation begins. However, in embryos with 

multiple extra divisions, or those with single, later extra divisions, progress through mitosis 

that is concurrent with attempted gastrulation movements aborts them. For instance, the 

embryo pictured in Figure B.2 is a histone-GFP embryo that has been injected with twine 

mRNA in its left pole. "e embryo begins mitosis just before the onset of ventral furrow 

formation, one of the first two major gastrulation movements, and has not completed mitosis 

when the furrow appears. "e furrow, where it is apparent, is marked with a solid red line. 

Normally the furrow extends nearly to both poles of the embryo, but in this treated embryo, 

the cells that are in the midst of mitosis (Figure B.2, blue lines) blocked the formation of the 

furrow (Figure B.2, dashed red line where the furrow is expected, but not present). We have 

not followed any embryos of this nature through to hatching. However, since the cells that 

are normally invaginating into the ventral furrow are the presumptive mesoderm, we expect 

that this disruption of gastrulation should present as a drastic and lethal phenotype for the 

embryo.

159



B.4: Discussion

"e results presented in this section highlight that the slowing of the cell cycle is a necessary, 

permissive condition for the completion of the morphogenetic changes that occur in cycle 14 

at the MBT. "e entry into mitosis is su#cient to abort the progress of both cellularization 

and ventral furrow formation, the first of the gastrulation movements. "e embryo seems to 

have some kind of mechanism that detects that cellularization was not successfully completed 

and triggers a new wave of cellularization to compensate. We did not see evidence of a similar 

mechanism to assist in recovery after an error in ventral furrow formation. While the slowing 

of the cell cycle seems to be timed by the NC ratio, cellularization and gastrulation seem to 

be triggered by absolute time. However, a failure to slow the cell cycle, and thus an early 

entry into mitosis, can abort or disrupt cellularization or gastrulation; thus, slowing the cell 

cycle is a necessary, permissive condition for the onset of morphogenesis. Additionally, this 

means that, though the NC ratio does not directly time the onset morphogenesis, it does 

indirectly a!ect the time of completion and success of completion of morphogenesis. "us, 

the success of morphogenesis depends on the successful timing and slowing of the cell cycle 

at the mid-blastula transition. 
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B.6: Figures, Tables, and Movies
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Figure B.1: Cellularization is interrupted by entry into mitosis. (a) Still images from an 

histone-RFP (magenta), spaghetti-squash–GFP (green or grey) embryo, illustrating the 

progress through cellularization and cell cycle. One end of the embryo was injected with 

twine mRNA, and the other end was uninjected. Time given is relative to the beginning of 

the record (not the beginning of interphase 14). (b) Graph displaying the progress of 

cellularization over time in the injected (solid lines) and uninjected ends (dashed lines) of 3 

spaghetti-squash–GFP embryos (each embryo is represented as a di!erent color). Note that 

the progress of cellularization after it restarts (solid lines to the right) displays the same 

kinetics (though delayed) as the uninjected end of the embryo.
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Figure B.2: Mitosis during gastrulation interrupts ventral furrow formation. A histone-

GFP embryo was injected with twine mRNA during cycle 14, triggering an early entry into 

mitosis late in interphase 14, during what would normally be the G2 phase. "e embryo is 

oriented with its ventral side towards the camera, to show the progress through ventral 

furrow formation. Nuclei that have entered or completed the extra mitosis are highlighted 
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with a blue line. Two red lines highlight ventral furrow formation: a solid line where ventral 

furrow formation is evident, and a dashed line in regions that would ordinarily show a 

ventral furrow in wild-type embryos, but where its formation has been prevented due to the 

cells in mitosis. 

165



Movie B.1: Cellularization is interrupted by entry into mitosis. Here, an embryo injected 

at the left pole with twine mRNA undergoes an additional short interphase with an early 

mitosis in interphase 14, during the process of cellularization. DNA (as histone H2AvD-

RFP) is shown in magenta, and Spaghetti-Squash–GFP is shown in green and marks the 

edge of the ingressing cellularization furrows. "e embryo is shown both as sagittal and 

ventral views.

Movie B.2: Mitosis during gastrulation interrupts ventral furrow formation. A histone-

GFP embryo injected at the left pole with twine mRNA undergoes a precocious mitosis 

during G2 of interphase 14, shortly before the onset of ventral furrow formation. "e 

embryo is shown in a ventral view, and the initiation of the furrow quickly becomes apparent 

on the right side of the movie (the center of the embryo), but in the region by the left pole 

that was induced into mitosis by the twine mRNA, the cells that proceeded through mitosis 

do not invaginate, and a portion of the ventral furrow is omitted.
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B.7: Materials and Methods

B.7.1: In vitro transcription of mRNA

twine mRNA was produced as described in 2.7.5.

B.7.2: Embryo injections and imaging

Embryos were collected, injected, and imaged as described in 2.7.6.
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