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In Drosophila embryos the maternal/zygotic transition (MZT) in cell cycle control normally follows mitosis 

13. Here we show that this transition requires degradation of two maternal mRNAs, string and twine, which 

encode Cdc25 phosphatases. Although twine is essential for meiosis and string is essential for most mitotic 

cycles, the two genes have mutually complementing, overlapping functions in the female germ line and the 

early embryo. Deletion of both gene products from the female germ line arrests germ-line development. 

Reducing the maternal dose of both products can lower the number of early embryonic mitoses to 12, whereas 
increasing maternal Cdc25 twi~e can increase the number of early mitoses to 14. Blocking the activation of 

zygotic transcription stabilizes maternal string and twine mRNAs and also allows an extra maternal mitosis, 

which is Cdc25 dependent. We propose that Drosophila's MZT comprises a chain reaction in which (1) 

proliferating nuclei deplete factors (probably mitotic cyclins) required for cell cycle progression; (2) this 

depletion causes the elongation of interphases and allows zygotic transcription; (3) new gene products 

accumulate that promote degradation of maternal mRNAs, including string and twine; and (4) consequent loss 

of Cdc25 phosphatase activity allows inhibitory phosphorylation of Cdc2 by Dweel  kinase, effecting G2 arrest. 

Unlike timing or counting mechanisms, this mechanism can compensate for losses or additions of nuclei by 

altering the timing and number of the maternal cycles and thus will always generate the correct cell density 
at the MZT. 
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The earliest cell cycles of animal development are driven 
by maternal gene products. During a period that has been 
called the midblastula transition (MBT) in Xenopus, but 
which we refer to more generally as the maternal/zy- 
gotic transition (MZT), one or more of these products is 
degraded, and the embryo becomes dependent on zygotic 
gene expression for further cell cycles. Although an MZT 
for cell cycle control is a universal feature of embryogen- 
esis, it proceeds differently in different species. In mice 
the transition occurs at the two-cell stage (Schultz 1993; 
Wickramasinghe et al. 19951, and in embryos with asym- 
metric cleavages such as nematodes, leeches, and sea 
urchins, the MZT probably occurs after different num- 
bers of cycles in different cell lineages (L.G. Edgar et al. 
1994; Bissen 1995). In the large, yolky eggs of fish, am- 
phibians, and many invertebrates the MZT occurs after 
10-14 rapid cleavage divisions and is coordinated with 
other developmental processes such as transcriptional 
activation and gastrulation (Kane et al. 1992; Yasuda and 
Schubiger 1992; Frederick and Andrews 1994). 

Drosophila's MZT for cell cycle control occurs during 
interphase 14 (Foe et al. 1993). Before this stage the em- 
bryonic nuclei cycle metasynchronously in a syncytium 

and do not require transcription for cell cycle progres- 
sion. The first 10 cycles are very rapid (8 min) but sub- 
sequent cycles lengthen progressively by the elongation 
of interphases (cycle 11 = 10 min; cycle 12 = 12 rain; cy- 
cle 13 -- 21 min; at 25°C; Foe and Alberts 1983). After the 
thirteenth mitosis a 45 min S phase ensues ($14), during 
which the syncytial nuclei cellularize. This is followed 
by the first extended G2 period (G214~>30 mini. Mitosis 
14, which coincides with gastrulation, is the first cell 
cycle event to be triggered by zygotic gene expression. 
This and subsequent mitoses progress according to pat- 
terns which are driven by pulses of transcription of 
Cdc25 str;ng, a phosphatase that activates the mitotic ki- 
nase, Cdc2, through dephosphorylation at threonine 14 
(T14) and tyrosine 15 (Y15) (Edgar and O'Farrell 1989; 
Foe 1989; Coleman and Dunphy 1994; Edgar et al. 
1994a). 

Several mechanisms have been proposed to explain the 
changes in cell cycle kinetics which occur during the 
MZT. Almost all of these involve the progressive titra- 
tion or depletion, by dividing nuclei, of some maternal 
factor required for cell cycle progression. These models 
are all derived from experiments showing that altering 
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the nucleo/cytoplasmic ratio affects cell cycle timing 
and number. Experimental manipulations that increase 
the nucleo/cytoplasmic ratio slow the maternal cell cy- 
cle oscillator prematurely and advance the MZT by one 
or even two cell cycles in a variety of different embryo 
types. Decreasing the nucleo/cytoplasmic ratio has the 
opposite effect: Rapid cell cycles continue for longer, and 
the MZT occurs after more cycles than normal (Okada et 
al. 1980; Kobayakawa and Kubota 1981; Newport and 
Kirschner 1982a, b; Mita 1983; Mita and Obata 1984; 
Edgar et al. 1986; Dasso and Newport 1990; Yasuda et al. 
1991). 

The molecules at the root of this relationship have 
remained obscure. Dasso and Newport (1990) proposed 
that in Xenopus, titration of a DNA replication factor 
causes the elongation of S phases, and delays mitoses by 
activating an S/M checkpoint control that inhibits Cdc2. 
In Xenopus this checkpoint arrest involves inhibition of 
Cdc2 by phosphorylation at Y15, suggesting that the ki- 
nase (Weel) and phosphatase (Cdc25) that regulate this 
modification might play a role in the MZT {Ferrell et al. 
1991; Smythe and Newport 1992; Hoffmann and 
Karsenti 1994). Studies in Drosophila, however, are in- 
consistent with this model because: (1) experiments us- 
ing DNA replication inhibitors show that the S/M 
checkpoint is not effective until interphase 14, just after 
the MZT (Raft and Glover 1988; Foe et al. 1993; Debec et 
al. 1996; B.A. Edgar, unpubl.), and (2)Y15 phosphoryla- 
tion of Cdc2 first occurs during interphase 14, rather 
than during cycles 10-13, when interphases begin to 
lengthen (Edgar et al. 1994b). 

Clues to how Drosophila's MZT is initiated come 
from studies of how the Cdc2 kinase is regulated in the 
early embryo. Genetic tests have confirmed the require- 
ment for Cdc2 in these cycles (Stern et al. 1993) and, as 
in other systems, Cyclins A and B are its obligatory ac- 
tivating subunits (Lehner and O'Farrell 1989, 1990b). 
Prior to cycle 8 these cyclins are constitutively present, 
and Cdc2 kinase appears to remain active through all 
phases of the cycle (Edgar et al. 1994b). Beginning with 
cycle 9 however, a progressive increase in the degrada- 
tion of cyclins at mitosis coincides with transient inac- 
tivations of Cdc2, and interphases begin to lengthen. 
Chromosomal deficiencies that reduce the maternal 
dose of Cyclin A and Cyclin B can elongate cycles 10-13, 
suggesting that a cyclin synthesis limitation may cause 
the normal lengthening of interphases during this period 
(Edgar et al. 1994b). The progressive increase in cyclin 
degradation is coupled to multiplication of some com- 
ponent of the mitotic apparatus that targets cyclins for 
destruction, most likely mitotic spindles. Thus, earlier 
models that explained slowing of the maternal cycles as 
a depletion of cytoplasmic factors by nuclei might be 
understood in terms of a depletion of maternal cyclins by 
proliferating nuclei and spindles. But cyclin depletion 
cannot explain the G2 arrest that occurs in cycle 14. 
Maternal cyclin mRNAs perdure through interphase 14 
(Lehner and O'Farrell 1989, 1990b), and cyclins accumu- 
late to very high levels early in this cycle. If cyclins were 
limiting at this stage, they should trigger a synchronous 

mitosis just after S phase 14 (-45 min after M13), but this 
does not happen. 

Previous studies have suggested that degradation of 
maternal Cdc25 may be the critical event that inacti- 
vates the maternal cell cycle oscillator. For instance, the 
maternal mRNAs encoding both of Drosophila's two 
Cdc25 products (Cdc25 stnn~ and Cdc25 twine) are degraded 
abruptly during the first 30 min of interphase 14 and are 
not replaced by zygotically transcribed Cdc25 st"ng until 
the end of this cycle (Alphey et al. 1992; Courtot et al. 
1992; Edgar et al. 1994a). In contrast, maternal contribu- 
tions of all other known cell cycle regulators (such as 
Cyclins A, B, D, E, Cdc2, and Cdc2c) perdure in excess 
through cycle 14, and thus should not limit cell cycle 
progression at this stage (Lehner and O'Farrell 1989, 
1990a; Stern et al. 1993; Saner et al. 1995; Finley et al. 
1996). Coincident with the loss of maternal Cdc25 dur- 
ing interphase 14, Cdc2 kinase begins to accumulate in 
the inactive, Y1S-phosphorylated form for the first time 
(Edgar et al. 1994b). Moreover, forced expression of either 
Cdc25 ~tr/ng or a non-phosphorylatable, string-indepen- 
dent form of Cdc2 (Cdc2 T14A, Y15F) is sufficient to 
override the G214 arrest and trigger mitosis 14 prema- 
turely throughout the embryo (Edgar and O'Farrell 1990; 
N. Yakubovich, P. Leopold and P. O'Farrell, pers. 
comm.). These compelling correlations prompted us to 
test whether degradation of maternal Cdc25 stnng and 
Cdc25 twjn~ is what shuts off the maternal cell cycle os- 
cillator in G214. 

Results 

Blocking transcriptional activation bypasses the MZT 

Drosophila embryos support very little transcription 
prior to nuclear cycle 10 (Anderson and Lengyel 1979, 
1980; Edgar and Schubiger 1986; Pritchard and Schubiger 
1996). To test the role of zygotic transcription in the 
early cell cycles, we injected the RNA polymerase II in- 
hibitor, c~-amanitin, into embryos before cycle 6. After 
this injection, nuclear divisions continued normally 
through mitosis 13, indicating that transcription is not 
essential for these cell cycles (see also O'Farrell et al. 
1989; Foe et al. 1993). Even more interesting, c~-amanitin 
injected embryos underwent an extra syncytial mitotic 
wave that occurred 44---12 min (n = 45) after mitosis 13. 
This time corresponds to the S/G2 boundary (Edgar and 
Schubiger 1986), and since checkpoint controls prevent 
mitosis prior to the completion of DNA replication at 
this stage (Foe et al. 1993), this may be the earliest time 
when mitosis 14 can be induced. Analysis of living em- 
bryos and of fixed embryos stained for DNA and micro- 
tubules showed that during this unusual 14th mitosis 
nuclear envelope breakdown, spindle formation, and 
chromosome condensation and segregation all occurred. 
However, multipolar spindles were common and re-es- 
tablishment of interphase was abnormal, showing fre- 
quent fusion of adjacent telophase nuclei (Fig. 1). This 
may be attributable to the lack of zygotic products nor- 
mally required to regulate the cytoskeleton; in fact, the 
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of the string and twine mRNAs occurred as in controls, 
and both mRNAs were virtually undetectable 1 h r  after 
the injection (txA@ 13; Fig. 2A, B). Under these conditions 
no extra mitoses occurred. These results indicate that 
transcription of some genes that are critical for degrada- 
tion of maternal string and twine mRNAs begins be- 
tween cycle 6 and cycle 13. 

Figure 1. An extra syncytial mitosis occurs when transcrip- 
tional activation is blocked. Embryos were injected with 
a-amanitin prior to cycle 6, incubated until cycle 14, and then 
fixed and stained for DNA. (A) The normal, cycle 14 nuclear 
density achieved prior to the extra division. (B) Condensed chro- 
mosomes and the haphazard chromosome segregation that oc- 
curs during the extra division. (C) Fused, irregularly-spaced nu- 
clei during the interphase that follows the extra division. All 
panels are the same magnification; scale bar, 20 ~M. 

earliest visible effect of a-amanitin is to block cellular- 
ization of the blastoderm during cycle 14. The additional 
maternal mitosis caused by c~-amanitin indicates that 
zygotic transcription is required to inactivate the mater- 
nal cell cycle oscillator. 

Zygotic gene products trigger degradation of maternal 
Cdc25 mRNAs 

Normally both maternal string and maternal twine 
mRNA are degraded abruptly during the first 30 min of 
interphase 14 (Figs. 2A, B and 3C). In embryos injected 
with ot-amanitin prior to cycle 6, both mRNAs persisted 
at high levels for at least 2 hr after the time they are 
normally degraded (otA@6; Fig. 2A,B). The stabilization of 
string and twine mRNA was highly reproducible, but 
required that the ~t-amanitin be injected throughout the 
embryo before cycle 6. Under these conditions we noted 
significant stabilization in four of four independent ex- 
periments. When e~-amanitin was injected during cycle 
13, after the onset of zygotic transcription, degradation 

Inhibitory phosphorylation of Cdc2 is delayed 
when transcriptional activation is blocked 

To confirm that the extra, o~-amanitin-induced mitotic 
wave involved maternal Cdc25 phosphatase activity, we 
assayed the phosphorylation of Cdc2 in oL-amanitin in- 
jected embryos (Fig. 2C). We found that embryos injected 
with cc-amanitin prior to cycle 6 had reduced levels of 
Y15-phospho-Cdc2, and low but detectable levels of un- 
phosphorylated-Cdc2 and T161-phospho-Cdc2 (the ac- 
tive form) during the extra mitotic wave. Control em- 
bryos, which were injected with oL-amanitin during cycle 
14, did not undergo an extra division and contained only 
the Y15-phosphorylated forms of Cdc2. This observation 
is consistent with the idea that the a-amanitin-induced 
mitosis is driven by the action of stabilized maternal 
Cdc25 phosphatases on Cdc2. 

Degradation of Cdc25 string protein is cell 

cycle dependent 

In contrast to string mRNA, which is stable until cycle 
14, Cdc25 "~tnng protein reaches peak levels at about cycle 
10 and is depleted thereafter (Fig. 3A). This suggests that 
turnover of the protein might be regulated differently 
than that of the mRNA. To determine the requirements 
for degradation of Cdc25 string protein, we performed im- 
munoblots on embryos injected prior to cycle 6 with 
several inhibitors (Fig. 4). Unlike string mRNA, 
Cdc25 strin~ protein was degraded on schedule after 

a-amanitin injection. However, both colcemid (which 
blocks the cycle in mitosis) and aphidicolin (which 
blocks DNA replication) stabilized maternal Cdc25 stn'g. 
This suggested that degradation of Cdc25 ~trmg protein 
could be cell cycle dependent, an idea that was tested 
and confirmed as described below. 

First, string expression was induced in embryos at a 
variety of developmental stages using the heat inducible 
hsp70--stg3 transgene (Edgar and O'Farrell 1990), and the 
expression patterns of string mRNA and protein were 
assessed in situ. We confirmed that string mRNA in this 
experiment was expressed ubiquitously at all stages (not 
shown). However, only cells in M, S, and G2 phases of 
the cycle accumulated the Cdc25 stn~g protein (Fig. 5A). 
Cells in G1, which first arise in the epidermis following 
mitosis 16, failed to accumulate Cdc25 stn'~g protein (Fig. 
5B). Consistent with this observation, these Gl17 epider- 
mal cells normally express high levels of string mRNA 
but very low levels of the Cdc25 ~tri~g protein for about 
the first 2 hr of G1 (Edgar et al. 1994a, b). Thus, during 
Gl17 , either string mRNA is not translated, or 
Cdc25 stnng protein is very unstable. 
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Figure 2. Zygotic transcription promotes degradation of Cdc25 mRNAs and Y15 phosphorylation of Cdc2. (A) Embryos from a single 
15-min collection were injected in parallel with either water (H20) or a-amanitin (e~A) prior to cycle 6, or at cycle 13, and incubated 
until the times indicated in minutes (') after egg deposition. RNA was then prepared and analyzed by Northern analysis using probes 
to string (stg), twine (twn), and ribosomal protein 49 lrp49). IB) Densitometric quantitation of these gels (see Materials and methods). 
Developmental staging in the control HaO-injected embryos was the following: 120 min, cycles 9-11; 240 min, syncytial cycle 14; 285 
min, mid-cellularization cycle 14; 345 min, early stages of gastrulation. In controls (H20), maternal stg and twn RNAs are degraded 
before 285 min, and replaced by new zygotic stg transcripts by 345 min. Injection of e~-amanitin at cycle 6 stabilizes maternal stg and 
twn transcripts, whereas injection at cycle 13 allows their degradation. The slower migrating stg transcript is expressed maternally but 
not zygotically. (C) The four phosphoisoforms of Cdc2 as detected by immunoblotting with anti-Cdc2 antibodies (Edgar et al. 1994b). 
In late cycle 14 embryos (14) only the two Y 15-phosphorylated forms of C dc2 are detected (top two bands). In cycle 6 embryos (6) only 
unphosphorylated Cdc2 (Cdc2) and the active form (Cdc2-T 161 P) are detected (bottom two bands). Experimental embryos (~A@6) were 
injected with oL-amanitin prior to cycle 6 and injected with colcemid just after mitosis 13. Colcemid arrests the cell cycle in mitosis 
and was used to synchronize the injected embryos as they arrested in the oL-amanitin-induced fourteenth mitosis. Control embryos 
(~xA@14) were injected with ~-amanitin and colcemid just after mitosis 13 and homogenized for SDS-PAGE at the same time as the 
experimental embryos (55 min after mitosis 13). The experimental embryos (aA@6) show all four phosphoisoforms of Cdc2, including 
small amounts of active Cdc2-T161P. Control embryos (aA@ 14) show only inactive, Y15-phospho--Cdc2. 

As a further test of the cell cycle dependence of 
Cdc25 ~trmg expression, G117 epidermal cells were driven 
into an unscheduled S phase by inducing Cyclin E ex- 
pression using the hsp70--CycE transgene (Knoblich et 
al. 1994). As these cells entered S phase they accumu- 
lated high levels of Cdc25 stn~g protein, presumably de- 
rived from the mRNA that is normally expressed at this 
stage (Fig. 5D). This is consistent with a stabilization of 
the Cdc25 string protein as G1 cells enter S phase. 

Finally, the effect of mitotic arrest on Cdc25 stems pro- 

tein was assessed by injecting colcemid into embryos 
during the postblastoderm divisions, and then incubat- 
ing them for 1-3 hr prior to fixation. Colcemid blocks 
cells in mitosis, but does not block other cell cycle tran- 
sitions. We observed that cells blocked in mitosis by 
colcemid all had very high levels of Cdc25 ~tn~g. With 
longer incubations, more cells became Cdc25 ~t"'g posi- 
tive, and the spatial distributions of these cells always 
matched the spatial pattern of cell divisions (Fig. 5F). 
This indicates that Cdc25 string protein is stable during M 
phase. 

All of these observations suggest that Cdc25 ~trmx pro- 
tein is stable during S, G2, and M phases, is destabilized 
as cells leave mitosis, and remains unstable through G1. 
However, cell cycle phase-specific translation of string 

mRNA is also a tenable explanation for our observations. 
Interestingly, Cdc25St"'g's behavior in these experi- 
ments is identical to that of the G2/M cyclins, which are 
believed to be subject to ubiquitin-dependent degrada- 
tion beginning at metaphase/anaphase and continuing 
through G1 in both Drosophila and Saccharomyces ce- 

revisiae (Amon et al. 1994; Knoblich et al. 1994). Accord- 
ingly, we propose that Cdc25 stnng may be targeted for 
degradation in a manner similar to G2/M cyclins. 

Maternal Cdc25 string is dispensable 

To test the function of maternal Cdc25 strin~ during cell 
cycles 1-13, we generated clones of string mutant  cells 
in the female germline using the FLP/FRT/ovo D~ 

method (Chou et al. 1993; Xu and Rubin 1993). Five se- 
vere loss-of-function alleles of string {7B, 3A1, AR2, 
AR4, and ARS) and one temperature-sensitive allele (9A) 
were used. We confirmed that the FLP/FRT/ovo D 

method actually deletes maternal Cdc25 st"'~ protein 
from the early embryo by performing immunoblots on 
embryos from maternal germ lines homozygous for 
stg 3A1 and stg aR4, which are near null alleles for tran- 
scription (Fig. 3B). We then studied the cell cycles in 
these embryos. To our surprise, embryos lacking mater- 
nal Cdc25 stn'g proceeded through cycles 1-13 normally, 
and always traversed the MZT during interphase 14 (Ta- 
ble 1). When we timed cycles 11-13 in embryos derived 
from stgTB/stg 7~ germ lines, we found no significant de- 
viations from the normal cycle timing (cycle 11 -- 11 + 1 '; 
cycle 12--14+2';  cycle 13=22-+3'; n =  10). We conclude 
that Cdc25 string is required for neither female germ cell 

divisions, nor embryonic cell cycles 1-13. 

Cdc25 string and Cdc25 twine complement  each other in 

the germ-line and early embryo 

These unexpected results suggested that Cdc25 t~n~ 
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Figure 3. Cdc25 protein and mRNA lev- 
els after manipulations of maternal gene 
dosage. (A) Immunoblot time courses of 
Cdc25 ~t~i'g (Cdc25 stg) expression in em- 
bryos from females with one or six copies 
of the string (stg) gene. Cell cycle number 
is denoted at the top (14S) Syncytial cycle 
14; (14C) mid-cellularization cycle 14. 
Three embryos were loaded per lane, ex- 
posure times were equivalent between the 
two panels, and [3-tubulin is shown as a 
loading control. Cdc25 ~g protein levels as 
quantified by densitometry are graphed 
below. Note that the overexpressed pro- 
tein is still degraded at the normal time. 
(B) The lack of Cdc25 stg protein in em- 
bryos from stg/stg mutant germ lines. One 
pre-cycle 8 embryo was loaded per lane. 
stg AR4 and stg T M  are P-element insertion 
alleles that impair but do not completely 
block transcription; thus, small amounts 
of Cdc25 stg protein are detected. (C) Time 
courses of stg and twine (twn) mRNA ex- 
pression, by Northern blot, through the 
early cycles in embryos with either two or 
six gene copies of stg (top) or twn (bottom). 

Relative RNA levels as measured by den- 
sitometry are graphed below. Embryo 
stages are designated as preblastoderm 
(PB); syncytial blastoderm, cycles 11, 12 
tSB}; syncytial cycle 14 [14S); mid-cellular- 
ization cycle 14 (14C); early gastrulation 
cycle 14 (14G}; germ band-extended cycle 
overexpressed mRNAs are degraded at the 
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might  play a role in germ cell and early embryonic mi- 

toses, as well as in meiosis as reported previously (A1- 
phey et al. 1992; Courtot  et al. 1992). Such a role is 
plausible since maternal  tw ine  m R N A  persists in the egg 
through the first 13 mitoses and is degraded at the same 
t ime as string m R N A  (Figs. 2A and 3C). Moreover, 
Cdc25 stri'g and Cdc25 t~n~ appear to have overlapping 

phosphatase function because they can both comple- 
ment  the cdc25-22 muta t ion  in Schizosaccharomyces  

p o m b e  (Edgar and O'Farrell 1989; Alphey et al. 1992). We 
tested the requirement  for tw ine  in the early mitot ic  
cycles by injecting nuclei from wild-type embryos into 
embryos from twnHBS/twnHSs females. These embryos 

arrest early in development because of a defective female 

meiosis and do not support proliferation of endogenous 
nuclei (White-Cooper et al. 1993). Wild-type nuclei in- 
jected into these twn H85 embryos, however, proliferated 

avidly, and 23/118 of the injected embryos formed par- 
tial or complete blastoderms (not shown). 0/72 control 
twn  HBs embryos, which were not injected with  nuclei, 
formed blastoderms. The proliferation of injected nuclei 
in embryos lacking Cdc25 tw~'~ suggests that, like string, 

t w i n e  is not required for the early cycles. We note, how- 
ever, that  these injected, proliferating nuclei always ar- 
rested in a terminal  interphase at a nuclear density 
equivalent to cycle 11 or 12, and never populated the 

twn  HSs embryos to the cycle 14 nuclear density. 

Whereas the reason for this early cell cycle arrest is un- 
clear, it might  imply that  maternal  Cdc25 t~ae is essen- 

tial to achieve cycle 14. 
In any case, these findings suggested that  Cdc25 string 

and Cdc25 twine might  have overlapping functions in the 

early embryo. To test this idea, we made stgZB/stg 7B 

germ line clones in twnHBS/ twn H~s females. When 

string and tw ine  were s imul taneously  deleted, germ cell 
proliferation was blocked and no ovarioles or eggs were 
produced. Because germ cells homozygous for either 
string or tw ine  alone proliferate and produce abundant  
eggs, this result indicates that Cdc25 str''g and Cdc25 twine 

have mutual ly  complement ing functions in the germ 

line, most  probably in germ cell proliferation. Because 
neither product appeared to be required for the early em- 
bryonic mitoses, it seemed likely that  the two gene prod- 
ucts complement  each other in these cycles as well. This 
idea is supported by the results of dosage experiments, 

described below. 

Lowering the materna l  dose of Cdc25 st~ing and 

Cdc25 twine can advance  the M Z T  

When we studied embryos lacking maternal  string and 
having one, rather than two doses of maternal  twine ,  we 
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Figure 4. Degradation of maternal Cdc25 ~tri~g (Stg) protein is 
cell cycle dependent. Embryos were injected with H20 (+), 
a-amanitin (aA), colcemid (CLM), or aphidicolin IAPH) prior to 
cycle 6, incubated for the times indicated, and then assayed for 
Cdc25 s~riag protein by immunoblotting (below). In this experi- 
ment, developmental staging in the H20-injected control em- 
bryos was the following: (1 hr AED) Cycles 5-7; (2 hr) cycles 
12-13; (3 hr) mid-cellularization cycle 14; (4 hr) early gastrula- 
tion cycle 14. Control and a-amanitin-injected embryos contin- 
ued to cycle after injection, whereas colcemid-injected and 
aphidicolin-injected embryos suffered a rapid cell cycle arrest. 
Protein levels (above) were quantified by scanning densitome- 
try and normalized for ~3-tubulin (~3Tub). The thin, uppermost 
band (bg) is a cross-reacting protein that is detected even in 
embryos deleted for the string gene. Note that Cdc25 ~"n~ (Stg) 
was degraded normally in a-amanitin-injected embryos but was 
stabilized in the colcemid- or aphidicolin-injected embryos. 

noted an interesting cell cycle defect. Of 89 embryos, 11 
cellularized and gastrulated during interphase 13, rather 
than interphase 14 (Figs. 6A and 7A; Table 1). Another 
7/89 cellularized as mosaics in which part of the blasto- 
derm arrested in cycle 14 and another part arrested in 
cycle 13 (Fig. 7B). Immunoblot t ing  of Cdc2 from these 
cellularizing, cycle 13 embryos confirmed that Cdc2 
does indeed accumulate  in the inactive, Y15 phosphory- 
lated form during the extended interphase 13 (not 
shown). Y15-phospho-Cdc2 is never detected during cy- 
cle 13 in wild-type embryos (Edgar et al. 1994b). Thus the 
premature cell cycle arrest in embryos from tWnHBS/+ ; 

stgZS/stg 7B germ lines is correlated wi th  reduced Cdc25 
function. 

Increasing Cdc25 twine, but not Cdc25 string, can 

postpone the M Z T  

To test the role of Cdc25 levels in the MZT further, we 
varied the maternal  gene dosage, string dosage was in- 
creased by adding four copies of string transgenes that 
are expressed maternal ly  (Edgar et al. 1994a). Immuno-  
blots and Northern blots confirmed that embryos de- 
rived from females carrying these transgenes, which  
have 6 copies of string, contained substantial ly more 

string mRNA and protein than embryos from wild-type 
females, which have two copies of string (Fig. 3A, C). 
However, these additional string products were degraded 
according to normal  kinetics, and t ime lapse video anal- 
ysis showed that the 6x string embryos had normal  tim- 
ing of cycles 10-13 (cycle 11--11+1 ' ;  cycle 12= 14+2';  
cycle 13 = 22+4 ' ;  n = 7). Moreover, the 6x string embryos 
always accomplished the MZT during the correct cycle: 
interphase 14 (Table 1). 

The maternal  dose of Cdc25 tw/n~ was increased simi- 

larly from two to six gene copies by introducing four 
transgenes encoding twine, driven by its own promotor 
(Alphey et al. 1992). Northern blots showed that em- 
bryos derived from 6x twine females had substantial ly 
more twine m R N A  than those from wild-type (2x twine) 

females. However, this extra twine m R N A  was also de- 
graded with normal  kinetics (Fig. 3C). Nevertheless, we 
found that a smal l  fraction (5%) of these 6x twine em- 
bryos experienced an extra, 14th mitot ic  wave prior to 
cellularization (Figs. 6C and 7D; Table 1). This  extra mi- 

Figure 5. Zygotic Cdc25 ~`~'g protein accumulates in S, G2, 
and M phases, but not in G1. All embryos are immunohisto- 
chemically stained for Cdc25 ~t~j~g protein. In (A) and (B), string 
mRNA was ubiquitously overexpressed using a heat-inducible 
transgene (hsp70--stg3). Cells in the cycle 14 embryo (A) are in 
M, S, and G2 phases, and all express Cdc25 string protein. Most of 
the epidermal cells in the cycle 17 embryo (B) are in G1 and do 
not express Cdc25 ~r~g protein despite high levels of the cognate 
mRNA (not shown), and Cdc25 ~t~g protein accumulates only 
in cycling neuroblasts, which have no G1 phases (Weigmann 
and Lehner 1995). (C,D) The effect of driving Gl-arrested epi- 
dermal cells into S phase by heat shock induction of the hsp70- 
CycE transgene. Both embryos were heat-shocked: C is wild 
type; D carries the hs-CycE gene. At this developmental stage, 
endogenous string transcripts are expressed throughout the epi- 
dermis; driving these cells from G1 into S phase by induction of 
Cyclin E evidently allows accumulation of Cdc25 ~t~g protein 
derived from these transcripts. (E,F) The effect of blocking cells 
in M phase by colcemid injection. Embryo F was injected with 
colcemid 2 hr prior to fixation; embryo E is its control, injected 
with water 2 hr prior to fixation at the same stage. Note that the 
colcemid-injected embryo F has many more Cdc25~t~"~g-positive 
cells. These are cycling neuroblasts that have arrested in M 
phase. 
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Table 1. Altering maternal Cdc25 dose or blocking zygotic 

transcriptional activation alters the cycle at which 
MZT occurs 

MZT(a cycle {%) 
Maternal Cdc25 
dose Inject 15 14 13 (N) 

6x twn, 2x stg - -  5 95 0 
4x twn, 2x stg --  4 96 0 
2x twn, 2x stg ~A 88 12 0 
2x twn, 6x stg - -  0 100 0 
2x twn, 2x stg --  0 100 0 
lx twn, lx stg e~A 0 100 0 
lx twn, lx stg --  0 100 0 
2x twn, 0x stg --  0 100 0 
Ix twn, 0x stg --  0 84 16 
0x twn, 0x stg . . . .  

{105 
(54 
(51 
{50 
{73 
(52 
(80 
(67 
(89) 

(0)" 

Dosage of string was reduced using the FLP/FRT/ovo D~ method 
to generate germ-line clones of stgZS/stg 7R. In some cases, 
~-amanitin was injected prior to cycle 6 {aA). The arrest cycle 
was assessed either by observation of living embryos (in the case 
of a-amanitin injection) or by measurements of nuclear densi- 
ties in fixed, cellularizing blastoderms (other cases). (N) The 
number of embryos scored in each experiment (see Materials 
and methods for complete germ-line genotypes). Where possi- 
ble, balanced stocks were out-crossed to Sevelen wild types to 
remove balancer chromosomes and equalize genetic back- 
ground. {*) 0x twn, 0x stg germ lines produce no eggs. 

totic wave spread from the center of the embryo, rather 
than from the poles as do earlier mitot ic  waves, and al- 
most  always subsided before encompassing the entire 
embryo. Thus, mosaic embryos--cycle  14/15 cellular 
blastoderms--resul ted (Fig. 7D). Unlike the a -amani t in  
induced extra division, the extra division resulting from 
excess Cdc25 tw~e was essentially normal and gave rise 

to evenly arrayed but very small  cells. The extra division 
observed in 6x tw ine  embryos supports the idea that deg- 
radation of tw ine  to below a critical threshold is neces- 
sary to arrest the cell cycle in G2~4. 

The a -aman i t i n - i nduced  extra division requires 

ma te rna l  Cdc25 

To further confirm that degradation of maternal  Cdc25 is 
the cause of cell cycle arrest at the MZT, we wanted to 
know whether  the extra, c~-amanitin-induced mitosis  
was driven by stabilized maternal  string and tw ine  (see 
Fig. 2). To test this we injected e~-amanitin into pre-cycle 
6 embryos wi th  one, rather than two, maternal  doses of 
both string and tw ine  I lx  twine,  l x  string; maternal  
g e n o t y p e = w / + ;  twn  HBs cn b w /  +; P[ry + h s - n e o  

FRT]82B P[w + h s - m y c ] 8 7 E  stg7"/ + ). Then, expecting 
that the lowered levels of Cdc25 might  prolong the in- 
terphase preceding the a-amani t in- induced mitosis, we 
t imed interphase 14. We obtained a yet-more-striking 
result: 0/52 of the lx  twine,  l x  string embryos generated 
an extra mitot ic  wave (Table 1). Instead, all 52 remained 
arrested in interphase 14 unt i l  they degenerated, 180- 
240 min  after mitosis  13. Among wild-type embryos in- 

1972 GENES & DEVELOPMENT 

jected in parallel as controls, we detected the extra divi- 
sion in 45/51, 63-+19 min  after mitosis 13. This  result 
indicates that the a-amani t in- induced mitosis  is sensi- 
tive to Cdc25 dosage, and thus that it probably requires 
the maternal  Cdc25 mRNAs  that are stabilized by 
oL-amanitin. 

D i s c u s s i o n  

Wild-type Drosophila embryos always have 13 rapid, 
synchronous, maternal ly  driven mitoses before they ar- 
rest in their first G2 period, cellularize, and assume zy- 
gotic control the cell cycle. In the present work we show 
that embryos wi th  increased maternal  supplies of Cdc25 
can have 14 maternal ly  driven mitoses, whereas em- 
bryos wi th  reduced maternal  Cdc25 often have only 12 
{Figs. 6, 7; Table 1). Thus maternal  Cdc25 phosphatases 
are dosage-sensitive regulators that can determine how 
many  mitoses occur before the transit ion to zygotic cell 
cycle control. 

We also show that blocking zygotic transcriptional ac- 
t ivation by an early injection of c~-amanitin stabilizes 
maternal  Cdc25 mRNAs and, like raising Cdc25 dosage, 
allows an extra maternal ly  driven cell cycle (Figs. 1 and 
2]. Although maternal  Cdc25 string protein is degraded 

normal ly  after ~-amani t in  injection (Fig. 4), dosage ex- 
periments  suggest that Cdc25 ~t~ng and Cdc25 t~ne are 

nevertheless required for the ~-amanit in- induced divi- 
sion cycle (Table 11. These apparently paradoxical results 
may be reconciled by the l ikelihood that new Cdc25 ~tri'g 
and/or Cdc25 t ~ e  proteins are translated from the ma- 

ternal mRNAs that are stabilized after ~-amani t in  injec- 
tion, and that these accumulate  to a threshold sufficient 
to drive the extra division. This  interpretation is consis- 
tent with our finding that the stabili ty of Cdc25 st~i~g 
protein is cell-cycle regulated (Figs. 4 and 51, and wi th  
our detection of Cdc2 that is not Y15 phosphorylated 
{and is presumably active) during the ~-amanit in-in- 
duced division {Fig. 2C). The s implest  conclusion to be 
drawn from these findings is that  degradation of mater- 
nal Cdc25 mRNAs is a critical event in the MZT, and 
that this degradation is t imed by the activation of zy- 
gotic transcription. 

By drawing the present work together wi th  earlier ob- 
servations we can construct a general model that ex- 
plains many  aspects of the MZT (Fig. 8). The maternal  
cell cycle oscillator appears to be inactivated as the final 
event in a chain reaction that starts at fertilization. Pro- 
liferation of the embryonic  nuclei  is the ini t ial  driving 
force of this reaction: As these nuclei  mul t ip ly  they pro- 
gressively deplete something required for cell cycle pro- 
gression, and this causes lengthening of interphases 
starting in cycle 10. Dosage experiments  suggest that the 
first critical factors to be titrated out are probably mi- 
totic Cyclins A and B (Edgar et al. 1994bt, and not Cdc25 
phosphatases (this paper). The amount  of cyclin degraded 
at mitosis is proportional to the number  of nuclei  divid- 
ing in the embryonic cytoplasm, making  cyclin deple- 
tion closely l inked to nuclear proliferation. Beginning at 
mitosis 10 cyclins appear to be degraded to below the 
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Figure 6. Cdc25 dosage determines the number of cycles prior 
to cellularization. Shown are nuclear densities at cellularization 
in embryos derived from germ lines with 1 (A), 4 (B), or 8 (C) 
maternal doses of Cdc25. Germ-line dosage of Cdc25 is indi- 
cated within the graphs. Nuclear densities of 6-8/625 ~Lm 2, 14-- 
18/625 ~m 2, and 27-32/625 ~m 2 correspond to cycles 13, 14, 
and 15, respectively. Embryos that were mosaic for arrest in 
cycles 13 and 14 or cycles 14 and 15 (as in Fig. 7B,D), were 
counted as two data points. 

threshold required for mitosis, and an interphase lag oc- 

curs during which cyclins must  reaccumulate  (Edgar et 
al. 1994b). 

The second event in the chain reaction leading to the 
MZT is the activation of zygotic transcription. Activa- 
tion of most  genes appears to require slowing of the cell 

cycle in both Drosophila (Edgar and Schubiger 1986) and 

Xenopus embryos (Kimelman et al. 1987). This may  be 
because transcription is mechanical ly  suppressed by 

D N A  replication and chromosome condensation (Sher- 

moen and O'Farrell 1991; Rothe et al. 1992; Yasuda and 
Schubiger 1992), because transcriptional repressors are 
titrated out of the embryonic cytoplasm by the prolifer- 
ating nuclei (Prioleau et al. 1994; Pritchard and Schu- 
biger 1996), or because active Cdc2 kinase represses tran- 
scription by phosphorylating components  of the tran- 

scription apparatus (Hartl et al. 1993). This last 

explanation is particularly at tractive because transient 
inactivations of Cdc2 kinase are first detected around 

cycle 10 (Edgar et al. 1994b), just as general transcrip- 

tional activation begins (Edgar and Schubiger 1986). Re- 

D N A  DIC 

Figure 7. The MZT can occur one cell cycle early if maternal 
Cdc25 is reduced, and one cycle late if it is increased. (C) The 
density of nuclei (DNA; stained with Hoescht 33258) and size of 
cells at cellularization (DIC; differential interference contrast 
optics) in a wild-type cycle 14 embryo. (A,B) Decreased nuclear 
densities and increased cell sizes in embryos produced by lx 
twine Ox string germ lines. (B) A mosaic cycle 13/14 arrest. (D) 
A portion of a mosaic embryo produced by a 6x twine 2x string 
germ line, in which part of the blastoderm has arrested at cycle 
14 and the other part at cycle 15. Arrows indicate the bound- 
aries between different cell cycles in mosaic embryos. All pho- 
tos are the same magnification. White scale bar in A, 20 t~m. 
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Depletion of Mitotic Factors (Cyclins) 

Interphase Lag 

Zygotic Transcriptional Activation 

Degradation of maternal Cdc25 mRNAs 

Inhibitory Y15 phosphorylation of Cdc2 

G2 arrest, cycle 14 

Figure 8. A summary of events leading to Drosophila's MZT. 

gardless of which  mechan i sm init iates transcription the 
result  is the same: New gene products accumulate  that 
promote degradation of maternal  mRNAs including 
string and twine. This causes Cdc25 phosphatase activ- 
ity to p l u m m e t  and allows inhibi tory phosphorylation of 
Cdc2 by the Dweel  kinase, a consti tut ively expressed 
maternal  product (Campbell et al. 1995). The result is 
cell cycle arrest in G214. 

Although this proposed mechan i sm for the MZT is 
consistent wi th  virtually all previous studies of the early 
Drosophila embryo, we should note that it is inconsis- 
tent wi th  a recent report from Myers et al. 11995). This  
group tracked string m R N A  stabili ty after a -amani t in  
t reatment  of early embryos but, in contrast to our re- 
sults, found that string m R N A  was not stabilized. We 
ascribe this inconsistency to the possibili ty that the 
method used for delivering a -amani t in - -embryo  perme- 
abil ization rather than inject ion--did not inhibi t  tran- 
scription rapidly or completely enough to block the ac- 
t ivation of the RNA degradation. In our own experi- 
ments  we have noticed that embryos injected wi th  
a -amani t in  later than cycle 6 often fail to have an extra 
division and have incomplete stabilization of maternal  
Cdc25 mRNAs  (not shown). This suggests that even 
smal l  amounts  of transcription are sufficient to trigger 
turnover of maternal  mRNAs.  

The mechan i sm that we propose for Drosophila's 

MZT has several properties that are advantageous for the 
embryo. First, the functional coupling of several reac- 
tions that are progressive (cyclin depletion, cycle slow- 
down, transcriptional activation, and RNA turnover) 
makes  for a switch that will  inactivate the maternal  os- 
cillator rapidly and discreetly wi th in  one cell cycle. The 
coincident acceleration of RNA turnover, elongation of S 
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phases, and the acquisit ion of an S/M checkpoint  creates 
a t ime window in cycle 14 (45') that is ample for degra- 
dation of Cdc25 mRNAs, even when  their levels are ab- 
normal ly  high. In contrast, the corresponding t ime win- 
dow in cycle 13 is much  shorter (<18') and occurs when  
RNA turnover is much  slower, making  premature deg- 
radation of Cdc25 mRNAs  improbable even when  their 
levels are abnormally low. Thus the switch is relatively 
resistant to environmental  or genetic variations that 
might  alter the activity of its components  (see Table 11. 

As well  as consti tuting a robust switch, the proposed 
coupled reaction mechan i sm may  explain how Droso- 

phila embryos add early cycles to compensate for lost or 
defective (nondividing)nuclei  (Okada et al. 1980; Edgar 
et al. 1986; Yasuda et al. 1991). Coupling the activation 
of RNA turnover to nuclear proliferation allows Cdc25 
m R N A  degradation to be delayed when  nuclei  are lost in 
the early cycles, and thus ensures that the MZT will  
occur at the correct cell density even if more cycles are 
required to achieve this density. When compared to pro- 
posed mechan isms  that count the number  of cell cycles 
or the t ime elapsed from ferti l ization (Howe et al. 1995), 
this type of switch would seem to have a great selective 
advantage. 

M a t e r i a l s  and  m e t h o d s  

Injections 

Inhibitors (Sigma) were injected in an anteroposterior stripe at 
concentrations that completely and irreversibly blocked func- 
tion of the target molecules: c~-amanitin at 500 ~xg/ml; colcemid 
at 200 txg/ml; and aphidicolin at 400 }xg/ml. ISee Schubiger and 
Edgar (1994) for a complete description of microinjection meth- 
ods and inhibitor effects.) 

RNA detection 

Northem blots were performed essentially as described by Edgar 
and Schubiger (1986). Embryos were staged live by microscopic 
observation and frozen, and total nucleic acid was extracted. 
After injections (Fig. 2A), only completely intact embryos were 
used because dead regions were found to be deficient in RNA 
turnover. Six embryos were loaded per gel lane. Digoxygenin 
(DIG)-labeled RNA probes and Lumi-Phos chemiluminescence 
[Boehringer-Mannheim} were used to detect mRNAs after hy- 
bridization. RNA levels were quantified from X-ray film using a 
Sharp JX-330 film scanner with no contrast enhancement and 
ImageQuant software. Signals were normalized to rp49 mRNA 
to control for loading variation and quantified from multiple 
exposures to control for film and substrate saturation. A dilu- 
tion series of string RNA confirmed that although not entirely 
linear, this method was adequate for rough quantitation (Fig. 9). 

Protein detection 

Immunoblots {Fig. 3A,B) were performed using lysates from 
1-10 methanol-fixed embryos that were stained with the DNA 
dye Hoechst 33258 and staged posthumously as described in 
Edgar et al. [1994b) and Schubiger and Edgar (19941. Injected 
embryos {Figs. 2C, 4) were not methanol fixed but were staged 
live, frozen at - 70°C, rinsed from the injection oil using hep- 
tane, transferred to tubes, and crushed directly into SDS sample 
buffer and boiled. Affinity-purified rabbit polyclonal antibodies 
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Figure 9. Quantitation of stg RNA using DIG/Lumi-Phos de- 
tection. To assess the linearity of the chemiluminescent 
method used to measure RNA levels from Northern blots (Figs. 
2 and 3), we used a twofold dilution series (64-1) of embryo 
RNA probed for string. Multiple exposures of the blot shown 
were scanned and densitometrically quantified, giving the re- 
sult shown. The method, though not strictly linear, was deemed 
satisfactory. 

type w hs-FLP1/+;  P/ry + hs-neo FRT]82B P[w + hs-M]87E 

stg-  /P[ry + hs-neo FRT]82B P[w + ovoD1] aR were heat-shocked 
twice for 2 hr at 37°C on consecutive days to induce mitotic 
recombination, ovo D1 is a dominant female sterile mutation 
that blocks oogenesis, and thus only recombinant, stg/stg germ 
cells produce eggs using this method. About 200 recombinant 
females were crossed to either wild-type males, or to w; stgZB/ 

TM3 Sb males to check for segregation of the P[ry + hs-neo 

FRT]82B P[w + hs-M]87E stg zB chromosome from females. Six 
different alleles of stg were tested according to this regime (7B, 
9A, 3A1, AR2, AR4, AR5). Two, which are large deletions that 
affect neighboring transcription units (AR2, AR5) resulted in 
female sterility. Germ lines homozygous for the other four al- 
leles were very fertile. To generate twn / twn;  stg/stg germlines 
we performed the following cross: w hs-FLP1/Y; twn H~s cn 

bw/  +; P[ry + hs-neo FRT]82B P[w + ovoD1]aR/ TM3 Sbxw;  

twn HB5 cn bw/CyO;  P[ry + hs-neo FRT]82B P[w + hs-M]87E 

stgZB/TM3 Sb. The progeny of this cross were heat-shocked as 
above and -200 females of the genotype w hs-FLP1/w; twn HBs 

cn b w / t w n  HB5 cn bw; P[ry + hs-neo FRTJ82B P[w + hs-M]87E 

stgZB/p[ry + hs-neo FRT/82B P/w + ovoD1] 3R were selected, 
crossed to wild-type males, and used for egg collections. To 
generate t w n / + ;  stg/stg germ lines, the same cross and heat 
shocks were performed, and females of the genotype w hs -  

FLP1/w; twn HB5 cn b w / + ;  P[ry + hs-neo FRT]82B P[w + hs -  

M]87E stgZB/p[ry + hs-neo FRT]82B P[w + ovoD1] 3R were se- 
lected and crossed to wild-type males. 

(AP4 or RbRf) were used to detect Cdc25 s~ing protein, and a 
mouse monoclonal antibody (Amersham) was used to detect 
f~-tubulin. For detection on filters we used HRP-conjugated sec- 
ondary antibodies (Amersham) and the ECL chemiluminescent 
technique. Protein quantitation was as described above. In situ 
detection was done using biotinylated secondary antibodies 
(Jackson) and streptavidin-conjugated HRP (Chemicon). 

Visual analysis of cell cycles 

Live embryos were dechorionated, affixed to slides, covered 
with halocarbon oil, and observed without coverslips using DIC 
optics and a 20x objective. Some cell cycle timing data was 
collected by observing 50-100 embryos in repeated series, such 
that the cell cycle stage of each embryo was scored once per 10 
rain. Cell cycle times were also measured by time-lapse video 
analysis using an MTI VE-1000 camera and a Mitsubishi HS- 
$5600 VCR. Wild-type embryos were timed in parallel to con- 
trol for variations in temperature, which was 21°C-23°C. To 
assess nuclear densities, we fixed embryos with formaldehyde, 
stained them with Hoechst 33258, and observed them using a 
40 x objective and an ocular grid as described by Foe and Alberts 
(1983). Nuclei/grid square in two regions of each embryo were 
counted and then averaged for each value. Grid squares = 625 
i~m 2, as measured by a slide micrometer. 

Genetics and germ-line clone experiments 

Wild-type flies were of the Sevelen strain. Flies with four addi- 
tional copies of a maternally expressed string transgene were of 
the genotype w P[w + stgl5.3]/w P[w + stgl5.3]; +; P[w + stg 

31.3]/P[w + stg31.3]. Flies with four additional copies of twine 

were of the genotype w P[w + twn3.7]/w P[w + twn3.7]; +; 
P[w + twnlO.O]/P[w + twnlO.O]. The matemal effect of string 

was tested by generating stg/stg germ-line clones using the 
FLP/FRT/ovo D~ mitotic recombination method as described by 
Chou et al. (1993). First- and second-instar larvae of the geno- 
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