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SUMMARY

The development of an embryo requires precise
spatiotemporal regulation of cellular processes.
During Drosophila gastrulation, a precise temporal
pattern of cell division is encoded through transcrip-
tional regulation of cdc25string in 25 distinct mitotic
domains. Using a genetic screen, we demonstrate
that the same transcription factors that regulate the
spatial pattern of cdc25string transcription encode
its temporal activation. We identify buttonhead and
empty spiracles as the major activators of cdc25string

expression in mitotic domain 2. The effect of these
activators is balanced through repression by hairy,
sloppy paired 1, and huckebein. Within the mitotic
domain, temporal precision of mitosis is robust and
unaffected by changing dosage of rate-limiting tran-
scriptional factors. However, precision can be dis-
rupted by altering the levels of the two activators or
two repressors. We propose that the additive and
balanced action of activators and repressors is a
general strategy for precise temporal regulation of
cellular transitions during development.

INTRODUCTION

An organism undergoes major patterning events throughout its

development. Precise temporal and spatial order is essential in

developmental processes ranging from formation of somites

in zebrafish (Giudicelli et al., 2007) to control of patterning

gene expression in Drosophila (Stanojevic et al., 1991). Pertur-

bations of these patterning events can be lethal (N€usslein-

Volhard and Wieschaus, 1980). Current models on the mecha-

nisms of patterning mainly focus on the spatial aspect of this

regulation, without addressing the precise control of tempo-

ral patterning. The temporal control of cell division during

Drosophila gastrulation serves as an excellent model to study

the mechanisms regulating temporal precision during embry-

onic development.

A newly fertilized Drosophila embryo undergoes 13 rapid syn-

chronous nuclear divisions without intervening gap phases (Foe,

1989). After the first 13 divisions, the cell cycle pauses in G2.
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Following this transition, cells divide into 25 distinct spatiotem-

poral mitotic domains (MDs) (Foe, 1989). The disruption of this

temporal pattern significantly reduces the fitness of the organism

(Edgar and O’Farrell, 1990).

The precise patterning of division is achieved through

transcriptional regulation of a Cdc25 phosphatase, cdc25string

(Edgar et al., 1994). Cdc25string removes inhibitory phosphates

on cyclin dependent kinase (Cdk)1 (the master regulator of

mitosis) that are added by Wee1 and Myt1 kinases (Morgan,

2007). The transcription of cdc25string in different MDs is

regulated through many cis-regulatory elements spread over

a >30-kb region (Lehman et al., 1999). The spatial regulation of

cdc25string is achieved through a combination of patterning

genes, including hunchback and buttonhead. Mutations in

these and other patterning genes disrupt the spatial pattern of

cdc25string transcription (Edgar et al., 1994). This disruption is

mostly seen in the regions where themutated gene is expressed.

These observations suggest that each region of the embryo is

established by a different set of genes, and that each set regu-

lates a specific cis-regulatory element (Edgar et al., 1994; Leh-

man et al., 1999).

The aforementioned studies focused mainly on the regulation

of spatial patterning, but the mechanisms encoding timing of

cdc25string transcription are not well understood. We can envi-

sion two mechanisms controlling the temporal pattern. First, a

dedicated set of temporal regulators controls the temporal

pattern of mitotic domains. These regulators could, for example,

be expressed and act throughout the embryo. The different

timing of mitotic domains could be imposed by having the

patterning genes set different thresholds for the activation of

cdc25string transcription. This scenario is similar to the regulation

of the timing of the maternal-to-zygotic transition by a master

regulator such as Zelda (Zld) (Liang et al., 2008; Harrison et al.,

2011). Zld controls the establishment of enhancers during early

development through the entire embryo, and acts in collabora-

tion with other factors to ensure proper spatiotemporal regula-

tion of gene expression. The other possibility is that temporal

patterning could be achieved through the rates that the appro-

priate spatial regulators accumulate in each MD. Distinguishing

between these two models is not straightforward. Standard

genetic approaches generate complete loss of gene products,

producing results that can be difficult to interpret. These genetic

manipulations often eliminate a mitotic domain entirely or alter

both its spatial and temporal pattern, precluding a definitive
rts 16, 2793–2801, September 13, 2016 ª 2016 The Authors. 2793
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Figure 1. Btd Acts through the MD2

Enhancer to Regulate the MD2 Temporal

Pattern

(A and B) Cropped confocal images of the head

region of an embryo expressing His2Av-RFP in a

13 Btd (A) and 43 Btd (B) background. Cells

belonging to MD1 and MD2 are highlighted in

red and blue, respectively. The cells undergoing

division are marked yellow.

(C) Percentage of cells that have divided inside

MD2 and MD1 (inset) as a function of time (mi-

nutes). The data were aligned at the time that 50%

of MD1 has divided. The start time was normalized

using WT data, around 74 min at 23�C.
analysis of their effects on temporal patterning. To overcome this

limitation, we performed a genetic screen using heterozygous

embryos, thereby allowing for the identification of factors that

act as rate-limiting regulators of cdc25string transcription and

mitosis.

We undertook a whole-genome screen to identify dosage-

sensitive regulators that impact temporal patterning of

cdc25string in MD1 and MD2. We find that different combinations

of patterning genes—both activators and repressors—control

the time of division in each region of the embryo. Changes

in the dosage of single regulators only affect the timing and not

the synchronicity of the division. However, altering the dosage

of multiple regulators of the same domain does in fact affect

both synchronicity and timing. We conclude that this combinato-

rial nature of temporal control ensures a robust timing of mitosis

both within and between MDs.

RESULTS

The Timing of Cell Division in MD2 Is Determined by the
Dosage of Buttonhead
To test whether the spatial regulators also impact the temporal

regulation of cdc25string transcription, we tested the role of But-

tonhead (Btd) in setting the timing of expression of cdc25string
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MD2. At the onset of gastrulation, btd

is expressed in a domain that roughly co-

incides with MD2 (Vincent et al., 1997).

Consistent with a role for Btd in regulating

the spatial pattern of MD2, MD2 is absent

in btd mutants (Edgar et al., 1994). To

determine whether Btd also has a direct

role in regulating the timing of MD2, we

examined the sensitivity of the division

pattern to changes in btd expression

levels. We recorded the cell-division

pattern in the anterior region of living em-

bryos heterozygous for btd. Reducing the

dosage of btd by half did not change

the spatial pattern or number of cells in

the domain but did result in a 2-min delay

in the initiation of mitosis in MD2. When

the btd dosage is increased using a chro-

mosome duplication covering btd, on
average cells in MD2 divided 3 min earlier (Figure 1), indicating

btd’s role in MD2 temporal control.

The Temporal Pattern of cdc25string Expression in MD2
Is Controlled by a Combination of Transcription Factors
The sensitivity of MD2 timing to Btd dosage led us to test

whether there were other regulators with dosage effects on

timing that could be identified using heterozygosity. To carry

out a large-scale genomic screen for such regulators, we used

221 overlapping deficiencies that together span 85% of the

Drosophila genome. For each deficiency, we marked mitotic

cells in gastrulating heterozygous embryos (at least 12 embryos

per genotype) with the phospho-histone H3 (phospho-H3) anti-

body. Using progression of the posterior midgut (PMG) as a

marker for embryo age (Sweeton et al., 1991), we inferred

the number of phospho-H3-positive cells in MD1 and MD2 as

a function of time (Figure 2). We then compared the dynamics

observed in the heterozygous deficiencies to that observed in

wild-type. Using an ANOVA on ranks statistical test (see the Sup-

plemental Information for details), we measured the significance

of the observed deviation in the progression of division in hetero-

zygotes versus WT embryos. The test is centered on the use of

linear regression, which provides us with information on whether

statistically significant deviations are due to a change in the



intercept or the slope of the linear fit. Changes in these parame-

ters have different biological interpretations. There are two

different parameters associated with the temporal pattern of

each domain: how many minutes after the start of cycle 14

each MD begins to divide (timing of the division), and how long

it takes for all of the cells in the domain to divide (synchronic-

ity/precision of the division). At room temperature, MD1, for

example, divides at around 74 min into cycle 14, and it takes

around 10 min for all of the cells in MD1 to divide (Di Talia and

Wieschaus, 2012). Changes in intercept indicate that the

affected domain as a whole is dividing earlier or later (change

in the timing of division). Changes in slope, on the contrary, imply

that the time required for all the cells in the domain to complete

mitosis has changed (change in the synchronicity of the division).

We tested the method on btd and zld heterozygotes, which

respectively are strong candidates for a spatially restricted regu-

lator of timing (btd; see above) and a globally expressed one

(zld). Zld controls the global regulation of patterning during mid-

blastula transition. In zld mutants, the transcription dynamics of

many genes is severely disrupted during cleavage stages and

cellularization stages (Harrison et al., 2011) but no effects have

been reported on transcription during gastrulation. When btd

heterozygotes are compared to wild-type, the linear fits for the

two genotypes have similar slopes (p value �0.335) but different

intercepts (p value �0.01). This observation confirms that het-

erozygosity of btd results in a later initiation of division in MD2

compared to WT. In zld heterozygotes, we did not detect any

changes in the temporal pattern of MD1 or MD2 (Table S1), sug-

gesting that Zelda dosage affects neither the timing of the divi-

sion nor its synchrony/precision.

Our genetic screen uncovered 13 deficiencies that produced

heterozygous embryos whose linear fits for either MD1 or MD2

deviated significantly from that of WT (p < 0.05). The remaining

208 lines produced patterns and fits that were statistically indis-

tinguishable from WT. In 12 of the 13 lines that affected mitotic

timing, changes in the intercept were sufficient to explain the

statistical significance, whereas in none of the 13 lines were

changes in slope sufficient to explain the difference (Figures 3A

and S1; Table S1). This suggests that, like btd, the identified reg-

ulators only alter when the domain begins to divide and do not

change the time needed for all the cells in the MD to complete

division. This unaltered synchronicity hints that the temporal

pattern is very robust.

Four of the 13 deficiency lines had similar effects on timing in

bothMD1 andMD2, indicating that theymight contain global reg-

ulators, which act throughout the entire embryo. One of these de-

ficiencies includes the cdc25stringgene, andanother coverswee1.

Embryos heterozygous for null alleles in these two genes show

the same effect as their respective deficiencies (data not shown),

with halving cdc25string levels delaying and halving wee1 levels

advancing mitosis throughout the embryo. The other deficiencies

affecting MD1 and MD2 both delayed mitosis. The two defi-

ciencies overlap in cytological map location 69F6-69F7, suggest-

ing that another regulator may lie within this region. Of the nine re-

mainingdeficiency lines, twoaffectedonlyMD1 (bothadvance the

temporal pattern of MD1 and both delete 66F5-67B1).

Seven lines were identified that affect the temporal pattern

of MD2 and not MD1. These lines correspond to six different
genomic regions. In the case of the deficiency covering cytolog-

ical map location 49B2-49E2, we could not reconstitute the ef-

fect using smaller overlapping deficiencies that span the entire

region, suggesting that the phenotype may be due to cumulative

sub-threshold effects of multiple genes within the tested region

(data not shown). Each of the five remaining regions contained

a single patterning gene known to affect cell fates in the anterior

region of the embryo: sloppy paired 1 (slp1), hairy (h), knirps (kni),

empty spiracles (ems), and huckebein (hkb) (Table S2). When

tested as heterozygotes, amorphic alleles of each gene showed

the same dosage-sensitive effect on MD2 timing as the corre-

sponding deficiency lines. In all cases except slp1, heterozygos-

ity of the mutant allele completely phenocopies the heterozy-

gous deficiency effect on the MD2 temporal pattern. Slp1

heterozygosity shows a weaker advancement of MD2 timing

than that of the deficiency (Figure 3B) (p < 10�3). This could be

due to complementary functions of slp1 and sloppy paired 2

(slp2), both of which map to the same region (Cadigan et al.,

1994). There are no available slp2 amorphic alleles to test this

hypothesis.

Of the six regulators that specifically affect MD2 (btd, slp1, h,

kni, ems, and hkb), five have published expression patterns over-

lapping the domain, suggesting that they may directly control

cdc25string expression. Although hkb does not show high levels

of expression in MD2, it is possible that it exerts its effects at

levels below experimental detection. In summary, we identified

several patterning genes that affect the timing of MD2, suggest-

ing that genes controlling the spatial pattern of mitotic domains

also set the temporal pattern in a dosage-sensitive fashion.

Some Combinations of Double-Mutant Heterozygotes
Can Alter Synchronicity
Of these six genes, slp1, h, kni, and hkb are known repressors.

Btd and ems are likely activators (Andrioli et al., 2002; Barolo

and Levine, 1997; Keller et al., 2000; Goldstein et al., 1999; Wim-

mer et al., 1997; Dalton et al., 1989). The observation that

reduced dosage of btd, ems, and kni delays mitosis suggests

that, directly or indirectly, they activate transcription of

cdc25string. Heterozygosity for the other three genes, slp1, h,

and hkb, advances the timing of division, suggesting that those

genes may act as repressors. To test whether the apparent acti-

vators function at the same level in the regulatory process, we

analyzed embryos heterozygous for the double-mutant combi-

nations btd-ems, btd-kni, and ems-kni and compared their

MD2 timing to single mutants (Figures 4A and S2). The btd-

ems double-mutant combination showed an additive effect,

with embryos showing a significantly increased mitotic delay

over either single mutant. The btd-kni and ems-kni double-

mutant phenotypes, on the other hand, were equivalent to btd

and ems alone, suggesting that Btd and Ems concentrations

may directly determine the timing of mitosis and that Kni may

function at a different regulatory level (Table S3). A more direct

regulatory role for Btd and Ems is also supported by experiments

combining those alleles with repressors. In all six cases, the

timing of division is either identical to that of heterozygotes for

the single activator (called ‘‘activator dominant’’) or the added

heterozygosity for the activator eliminates the precocious

mitosis associated with heterozygosity for the repressor
Cell Reports 16, 2793–2801, September 13, 2016 2795
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and restores division to WT timing (called ‘‘suppression’’). Kni

showed more complicated relationships with repressors, exhib-

iting WT phenotypes with slp1 and no effects on the single-

mutant h or hkb phenotypes. A similar analysis of the double-

mutant repressor combinations yields less clear distinctions

regarding functional levels, although the strong additivity of the

h and slp1 effects and their suppression by btd suggest that

they may operate at a level close to the timer and different

from that of hkb (Figures 4A and S2). The dominant effect of

ems on slp1 could be attributed to the weaker phenotype of

slp1 compared to the deficiency that includes both slp1 and

slp2. But when we analyzed the double-heterozygote mutant

of ems and the deficiency covering both slp1 and slp2, ems het-

erozygous was still dominant (data not shown).

Out of the 15 possible combinations studied, only the btd-ems

and h-slp1 combinations affect the synchronicity/precision

(measured by the change in the slope in the MD2 versus PMG

in Figure 3A), in addition to the timing of the division in MD2. In

the case of btd-ems, the change in the slope indicates that it

takes longer for MD2 to divide and, in h-slp1 double heterozy-

gotes, it takes less time for the whole domain to divide. There-

fore, only in h-slp1 and btd-ems double heterozygotes is the

synchronicity of the temporal pattern affected significantly.

This suggests that only a simultaneous alteration in the dosage

of the two main activators and the two main repressors can

affect the synchronicity of the temporal pattern. We suggest

that the combinatorial action of multiple activators and multiple

repressors allows a robust timing mechanism.

Ectopic Expression of Activators Affects cdc25string

Transcription in Multiple Domains without Altering Cell
Fates in those Domains
Althoughmisexpression of head gap genes often leads to abnor-

malities in spatial patterning, uniform overexpression of either

Btd or Ems in the anterior region of the embryo is compatible

with viability and normal patterning of cell fates (Wimmer et al.,

1997; Hartmann et al., 2010). To examine the effect of this

ectopic expression on timing of mitosis, we used a ubiquitous

GAL4 driver to express UAS-btd throughout the embryo. These

embryos showed altered mitotic behavior that was not restricted

to advances in division in MD2. Instead, the early timing and

behavior normally associated with MD2 were now observed

more broadly in the embryo. For example, cells in the region cor-

responding to MD5 in WT embryos divide at the same time as

MD2, yielding a large domain of undetermined identity. Many do-

mains in the abdomen (e.g., MD11) also divided earlier. Similar

observations were obtained with uniform overexpression of

Ems (data not shown). To investigate the molecular basis for

the shift in mitosis timing following ubiquitous btd expression,

we introduced into the ubiquitous Btd background a previously

identified 6.6-kb transcriptional reporter expressing nuclear
Figure 2. Overview of the Screen

(A) General scheme of the screen.

(B) Schematic of an embryo in cycle 14. The cells undergoing mitosis are marke

(C) Cropped still images of embryos undergoing mitosis in MD1 and MD2. The b

(D) Number of cells dividing inMD1 orMD2 versus PMG length/embryo length can

embryos can be due to a shift in timing of MDs (intercept) or change in the mitos
GFP (GFP-nuclear localization sequence [NLS]) under the con-

trol of a cdc25string enhancer that drives expression in MDs 1,

2, and 5 (Lehman et al., 1999; Di Talia and Wieschaus, 2012).

In this line, unlike WT, GFP expression is not confined to the

head region but extends to the abdomen (Figure 4B). This sug-

gests that ectopic Btd advances mitosis by driving ectopic

cdc25string expression through sequences present in the MD1,

MD2, and MD5 enhancer. The non-uniform GFP expression ar-

gues that Btd is only able to drive cdc25string from this enhancer

when certain other conditions are met. Regardless of the nature

of those conditions, our results suggest that in the head region,

where btd can drive ectopic mitoses without affecting cell fate,

the primary role of Btd (and potentially Ems) may be to time

cdc25string expression. That potential is maintained in the

abdomen, where, however, ectopic expression of Btd has addi-

tional lethal effects on segmentation.

A Small 500-bp Enhancer Controls the Spatiotemporal
Pattern of MD2
The cis-regulating region of cdc25string is large (>30 kb), with

modules controlling the expression in specific regions of the em-

bryo. Previous experiments identified a 6.6-kb region controlling

expression of cdc25string in the head and trachea (Lehman et al.,

1999). In order to pinpoint the MD2 enhancer, we tested frag-

ments of this 6.6-kb region upstream of the endogenous

cdc25string promoter and a GFP reporter. The smallest region

that we have identified showing the same pattern as the endog-

enous cdc25string in MD2 is a 500-bp enhancer element, located

at 5–5.5 kb of the 6.6 kb enhancer < chr3R:29262841-29263340,

BDGP Release 6>. This region is both sufficient and necessary

to drive expression of cdc25string in MD2 as well as in MD1.

We could not separate the MD1 enhancer region from the MD2

cis-regulatory element (Figure S3).

Bioinformatic analysis (we used JASPAR to predict binding

sites within the small enhancer [Wasserman and Sandelin,

2004], using a relative profile threshold of 80%) and available

ChIP on chip (chromatin immunoprecipitation on chip) provide

support for the idea that Hairy, Hkb, Btd, and Ems might all

bind to the enhancer whereas Kni and Slp1 might not (see Table

S4 and Kent et al., 2002; Bradley et al., 2010; Rosenbloom et al.,

2015).

DISCUSSION

The specification of different cell fates in both space and time

(‘‘patterning’’) has been extensively studied in Drosophila em-

bryos. Most studies have focused on the spatial aspects of

cell-fate specification, often under the tacit assumption that

genes that control the spatial pattern also encode for the timing

of cellular behaviors. Here we provide direct and corroborating

evidence for such an assumption. Furthermore, we show that
d with an antibody against phospho-H3 (Ser10).

rightness of the images is increased for enhanced presentation.

be used to calculate a linear fit. Deviation of the linear fit inWT versus deficiency

is rate (slope).

Cell Reports 16, 2793–2801, September 13, 2016 2797



A

B Activators:

Repressors:

No. of cells divided in MD2
0 10 20 30 40 50N

o.
 o

f c
el

ls
 d

iv
id

ed
 in

 M
D

1

0

10

20

30

40

50
ems

Amorphous allele
Deficiecncy

WT

Deficiency - no effect
Common regulator 
MD-specific regulator

WT

PMG length/embryo length
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

N
o.

 o
f c

el
ls

 in
 m

ito
tic

 d
om

ai
n 

1

0

5

10

15

20

25

30

35

40

45

50

PMG length/embryo length
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

N
o.

 o
f c

el
ls

 in
 m

ito
tic

 d
om

ai
n 

2

0

5

10

15

20

25

30

35

40

45

50

No. of cells divided in MD2
0 10 20 30 40 50N

o.
 o

f c
el

ls
 d

iv
id

ed
 in

 M
D

1

0

10

20

30

40

50
kni

No. of cells divided in MD2
0 10 20 30 40N

o.
 o

f c
el

ls
 d

iv
id

ed
 in

 M
D

1

0

10

20

30

40

50
hairy

No. of cells divided in MD2
0 10 20 30 40 50N

o.
 o

f c
el

ls
 d

iv
id

ed
 in

 M
D

1

0

10

20

30

40

50
slp1

No. of cells divided in MD2
0 10 20 30 40 50N

o.
 o

f c
el

ls
 d

iv
id

ed
 in

 M
D

1

0

10

20

30

40

50
hkb

MD1 vs. PMG MD2 vs. PMG

(legend on next page)

2798 Cell Reports 16, 2793–2801, September 13, 2016



N
o.

 o
f C

el
ls

 in
 M

D
1

No. of Cells in MD2

A

B

0:00

15:56

31:52

enh-GFP

MD1

MD2

 UAS-btd; enh-GFP

0:00

15:56

31:52

GFP

Embryo outline

hisRFP hisRFPGFP GFP

GFP

100 µm 100 µm

Double mutant heterozygote
First gene mutant heterozygote
Second gene mutant heterozygote

WT

ems-slp1

Activator Dominant 
0 10 20 30 40 50

0

10

20

30

40

50
h-kni

Repressor Dominant
0 10 20 30 40 50

0

10

20

30

40

50
btd-h

Suppressive
0 10 20 30 40 50

0

10

20

30

40

50

btd-kni

Non-Additive
0 10 20 30 40 50

0

10

20

30

40

50
ems-kni

Non-Additive
0 10 20 30 40 50

0

10

20

30

40

50
h-hkb

Additive
0 10 20 30 40 50

0

10

20

30

40

50

Combinations not affecting the precisionCombinations affecting 
the precision

h-slp1

Additive
0 10 20 30 40 50

0

10

20

30

40

50

btd-ems

Additive
0 10 20 30 40 50

0

10

20

30

40

50

C
on

ce
nt

ra
tio

n
        Time

repressor

activator

cdc25string

Activator to 
repressor ratio 

threshold

C

Time 
threshold 
achieved

Figure 4. Effects of Double-Mutant Heterozygotes on the Temporal Pattern of MD2

(A) The effect of double-mutant heterozygotes on the number of cells dividing in MD2 versus MD1.

(B) Confocal images of embryos expressing Btd ubiquitously and GFP under control of the MD2 enhancer element. The expression of GFP is only limited in the

head region under the control of MD1, MD2, and MD5 enh in WT embryos. When Btd is expressed ubiquitously, GFP is expanded to the abdomen. The image

brightness is increased.

(C) Activators and repressors work together to set the temporal pattern of cdc25string. In our favored model, robust timing of cdc25string expression is achieved by

integrating both the decline in repressors (red) and the increase in activators (blue). Transcription is initiated when the ratio of activators to repressors crosses a

specific threshold (dashed line).

See also Figure S2 and Table S3.
the activity of few trans-acting regulators is integrated at a cis-

acting enhancer element to determine the time when the level

of the regulators warrants the expression of cdc25string and

commitment to mitosis. We propose that a detailed analysis of

how the enhancer responds to the activity of the rate-limiting

regulators identified here will provide insights into how cellular

transitions are timed accurately during development.

We envisioned two possible models for obtaining a highly pre-

cise temporal pattern. In the first model, a universal timer gene X

drives the expression of cdc25string in a concentration-depen-

dent manner. Gene X starts accumulating in midcycle 14 and

each MD is differentially sensitive to the levels of gene X. This
Figure 3. Heterozygosity of 13 Deficiency Lines Affects the Temporal

(A) Relative progression of mitosis in MD1 (left) and MD2 (right) versus PMG leng

(B) The relative progression of mitosis in MD1 versus MD2 in mutants heterozygo

shows the same deviation from the WT (black lines and ‘‘.’’) as the correspondin

See also Figure S1 and Tables S1 and S2.
sensitivity would depend on the patterning genes that have

already established each of the MDs. In this model, gene X’s dy-

namics directly determines when cdc25string is expressed and

the patterning genes have a secondary role. The second model

relies on the levels of the patterning genes themselves to regu-

late timing of cdc25string expression in each MD. In this model,

the rates with which various patterning genes accumulate define

when expression begins. In our experiments, we were not able to

identify a candidate for gene X, which argues in favor of the sec-

ond model.

In our proposed model, timing in each MD depends on its po-

sition in the embryo and thus on the dynamics of different sets of
Pattern of MD1 or MD2

th/embryo length.

us for patterning genes in an identified chromosomal region (red lines and ‘‘o’’)

g deficiency (blue lines and ‘‘+’’).
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patterning factors. It is possible that the dynamics of their accu-

mulation is sufficiently reproducible that mitosis in each domain

is controlled with great accuracy. Alternatively, the dynamics

of the individual transcriptional factors may be noisy, but the

cdc25string enhancers have evolved combinatorial interactions

that allow filtering out noise. This is an intriguing possibility, given

the highly combinatorial nature of MD2 regulation demonstrated

in this study. In this model, the transcription of cdc25string is regu-

lated like a switch and the concentrations of the activators (Ems

and Btd) need to reach a threshold to turn the switch on in an

additive fashion.

Btd and Ems are balanced by the activity of factors acting as

transcriptional repressors, including h, slp1, and hkb. Based on

published expression patterns, the levels of h and slp1, although

decreasing, are still highat theonset of division in theMD2 region.

High expression levels of repressors at the time their targets are

being expressed contrast with the prevalent models where acti-

vators work synergistically to establish a pattern and repressors

set the boundaries (Stanojevic et al., 1991). Therefore, we spec-

ulate that activators need to compete with repressors to initiate

cdc25string transcription (Figure 4C). This newly identified mode

of activity for repressors, balancing the activators, might not be

limited to the regulation of a cdc25string transcription temporal

pattern. This type of regulation might be involved in establishing

patterning throughout development. We hypothesize that such

a mode of action was not detected previously because homozy-

gous mutants often change the spatial information drastically.

By using heterozygous mutants, in combination with a rigorous

quantitative method, we were able to uncover a more refined

role of repressors in the regulation of developmental patterning.

The combinatorial mode of action, as substantiated by the

change in the synchronicity of mitosis in btd-ems and h-slp1

double-mutant heterozygotes, suggests that a fine, yet robust,

balance of activation and repression encodes the observed pre-

cision and that to break such balance one needs to perturb

significantly at least two regulators. Therefore, the system ap-

pears to have evolved to withstand perturbations of each

component of the network, and it is only by reducing the dosage

of multiple major regulators that the precision of the system can

be disrupted. By identifying the regulators as well as the cis-reg-

ulatory element for MD2, this study paves the way to describe

the mechanism of the temporal patterning quantitatively by

modulating the levels of the regulators and studying cdc25string

transcription in vivo.
EXPERIMENTAL PROCEDURES

Screen Procedure

Embryos were fixed and stained with the proper antibodies. The numbers of

cells undergoing mitosis in MD1 and MD2 were counted using the phospho-

H3 marker in the heterozygote deficiencies. Posterior midgut progression is

calculated by dividing the length of the embryo in the A-P axis by the length

of the PMG. Amore detailed protocol can be found in the Supplemental Exper-

imental Procedures.
Statistical Test

In order to measure the significance of any deviation resulting from the hetero-

zygosity, an ANOVA on ranks test was performed. Detailed description of the

test can be found in the Supplemental Experimental Procedures.
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