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The regulation of segmentation gene expression is investigated by
computational modeling using quantitative expression data. Pre-
vious tissue culture assays and transgene analyses raised the
possibility that Hunchback (Hb) might function as both an activator
and repressor of transcription. At low concentrations, Hb activates
gene expression, whereas at high concentrations it mediates re-
pression. Under the same experimental conditions, transcription
factors encoded by other gap genes appear to function as dedi-
cated repressors. Models based on dual regulation suggest that the
Hb gradient can be sufficient for establishing the initial Kruppel
(Kr) expression pattern in central regions of the precellular embryo.
The subsequent refinement of the Kr pattern depends on the
combination of Hb and the Giant (Gt) repressor. The dual-regula-
tion models developed for Kr also explain some of the properties
of the even-skipped (eve) stripe 3�7 enhancer. Computational
simulations suggest that repression results from the dimerization
of Hb monomers on the DNA template.

computational model � Drosophila development � enhancer �
dual transcriptional regulators � binding site

The segmentation of the Drosophila embryo depends on
sequential spatial domains of gap gene expression, particu-

larly Kruppel (Kr), knirps (kni), and giant (gt) in the presumptive
thorax and abdomen. Classical genetic and molecular studies
suggest that the maternal Bicoid (Bcd), Hunchback (Hb), and
Caudal (Cad) gradients are essential for the establishment of
these gap gene expression patterns (1–4). The subsequent
refinement and maintenance of the gap patterns depend on
extensive cross-regulatory interactions (5–8). However, the exact
combinations of maternal morphogens used to control the gap
system are still unclear (9).

There is considerable information about the establishment of
the initial kni and gt expression patterns in the presumptive
anterior and posterior abdomen, respectively. kni is regulated by
the combination of the Bcd activator and the Hb gradient, which
functions as a dedicated repressor in the context of the kni
enhancer (1, 9–11). The regulation of gt is not as well defined,
but appears to depend on the broad Bcd and Cad activator
gradients; the anterior and posterior limits of the pattern are
established by the Kr and Hb repressors, respectively (3, 6, 12).
Mechanisms for the establishment of the central Kr expression
pattern are very controversial.

A potentially important clue regarding Kr regulation is sug-
gested by previous tissue culture assays. Kr regulatory sequences
were attached to a chloramphenicol acetyltransferase (CAT)
reporter gene and cotransfected with different concentrations of
the Hb protein (13). Low levels of Hb were found to activate
CAT expression, but surprisingly, high levels caused repression.
Moreover, an artificial anterior–posterior (AP) gradient of Hb
was found to be necessary and sufficient to establish a nearly
normal Kr expression pattern in transgenic embryos in the
absence of Bcd (1, 14). However, the exact positioning of the Kr
pattern appears to depend on Bcd and the Torso terminal
patterning pathway (15, 16). Additional complications regarding
Kr regulation arise from the extensive cross-regulatory interac-

tions that are thought to be important for the maintenance of the
pattern, but might also contribute to the initial regulation (3).
The difficulties in formulating an accurate quantitative model
for Kr regulation were recently summarized (9).

The current study examines computational models for Kr
regulation that account for both the establishment of the initial
pattern during nuclear cleavage cycle 14 and the dynamic
changes in the pattern (including the anterior shift in expression)
observed during cellularization. The models are based on the
following observations: the dual-regulatory activities of Hb in
tissue culture assays (13) (Fig. 1A) and the analysis of antago-
nistic interactions between similarly distributed gradients (11,
17). Here, we present evidence that the Hb gradient can account
for the initial Kr expression pattern and might contribute to the
formation of even-skipped (eve) stripes 3 and 7.

Results
There are at least three models for the establishment of the
initial Kr expression pattern in central regions of the early
embryo. First, the Bcd activator and Hb repressor gradients
could regulate Kr, in a manner similar to the establishment of the
early kni pattern (1, 18). However, available quantitative simu-
lations are inconsistent with this model (9, 11). Second, opposing
Bcd and Cad gradients (Fig. 1C) originating from the anterior
and posterior poles could work in a synergistic fashion to activate
Kr in central regions where the two gradients overlap. The
simplest version of this model is excluded by the observation that
neither bcd nor cad mutants eliminate Kr expression (14, 18).
Finally, the Kr pattern may be defined solely by the Hb gradient,
acting as a concentration-dependent activator and repressor as
discussed (1, 2, 13, 14). Dual regulation by Hb is an extension of
the recent analysis of antagonistic interactions between gradi-
ents establishing dorsal–ventral patterning (11, 17) (Fig. 1B).

Dual-Regulation Models and Mechanisms. There are numerous
precedents for dual regulation by a single sequence-specific
transcription factor. For example, the human folate receptor
gene is activated by a combination of Sp1 and Ets transcription
factors (19). However, at high concentrations Sp1 represses
transcription by blocking Ets binding to neighboring sites. The
Dorsal gradient mediates both transcriptional activation and
repression. It directly silences the expression of target genes that
contain regulatory sequences with linked Dorsal binding sites
and ‘‘AT elements.’’ The proteins that bind the AT elements
interact with Dorsal, and the resulting protein complex recruits
the Groucho corepressor protein (20, 21). Pax5 activates gene
expression in B lymphocytes but represses expression in eryth-
rocytes, myeloid cells, and T lymphocytes by interacting with
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alternative coregulators (22). Interactions between the Pax6,
Orthodenticle, and Prospero activators result in mutually exclu-
sive expression of rhodopsin genes in fly retina cells (23, 24).
Finally, the promyelocytic leukemia zinc finger protein (PLZF)
requires dimerization for its repressor function. A specific amino
acid substitution converts the repressor into a dedicated activa-
tor, presumably by disrupting dimerization (25).

Hb contains two zinc-finger domains; the central domain
mediates DNA binding, whereas the C-terminal domain is
responsible for dimerization (DZF) (26). Whereas mutations in
the DNA-binding domain disrupt expression of both Kr and kni,
mutations in the DZF domain affect only Kr, suggesting that
dimerization may be selectively required for Kr regulation (27).

Based on the preceding information, several dual-regulation
models for the Hb gradient were constructed and tested. The
simplest model, ‘‘dual-B,’’ was derived from antagonistic inter-
actions of two identical gradients [see Fig. 1B and supporting
information (SI) Text] (11, 17):

P � pA�1 � pR� �
KA�X�

1 � KA�X�
�

1
1 � KR�X�

. [1]

In this model, the response P to a dual regulator X is mediated
by two binding sites; one is an activator site (binding constant KA)
and the other is a repressor site (binding constant KR). The
second model, ‘‘dual-P’’ involves dimerization of Hb on a series
of equivalent binding sites (see SI Text and SI Figs. 6 and 7). In
the case of two linked Hb sites, activation is observed only when
one of the two sites is occupied. There is no activation if both
sites are occupied (e.g., at high concentrations of Hb). The third
model, ‘‘dual-C’’ invokes the concerted action of two activators,
X and Y, originating from the anterior and posterior poles,
respectively (see Figs. 1C, 2A, and 3A and SI Text).

Formation and Maintenance of the Kr Expression Pattern. Dual
regulation by the Hb gradient accurately predicts the normal Kr
expression pattern in precellular embryos (Fig. 2 B and C). Each
of the three models was used to produce computer simulations
with four to five parameters, including the number of Hb binding
sites and their binding affinities. All three models provide good
data-to-model agreements, with correlations between the model
and quantitative Kr expression data varying in the range of 0.95
to 0.99 (see SI Table 1). The dual-C model (opposing X and Y
activator gradients) produced slightly lower correlations than the
dual-B and dual-P models. The dual-B model (distinct Hb
activator and repressor sites) produced strong correlations with
the expression data, but required considerably higher binding
constants for Hb activator sites than repressor sites (see SI Table
1 and SI Fig. 8). The dual-P model (dimerization at linked sites)
provided the optimal performance, producing comparable bind-
ing constants for different Hb sites (low parameter skew).

Each of the tested models contain relatively few parameters,
but it is still possible that the strong correlations with the
quantitative expression data were achieved by chance. To ad-
dress this potential limitation, the behavior of the Hb gradient
(input) was explored after shifting the Kr patterns (output) along
the AP axis (Fig. 3). The dual-B and dual-P models produced the
best solutions only when the Kr pattern was fixed within its
normal expression limits (shift � 0). In contrast, the dual-C
model produced the best solutions outside the native Kr position
(15% shift along the AP axis; Fig. 3 B and C). Nevertheless, all
three models produced the largest number of accurate solutions
around the native Kr position (shift � 0; Fig. 3C). Interestingly,
when the Kr pattern was shifted to the location of the normal kni
expression pattern (arrows in Fig. 3B), there was a minimum in
both the quality and quantity of solutions. This finding is in
agreement with evidence that the role of Hb in the regulation of
kni is very different from its regulation of Kr (27). Overall, the
computer simulations suggest that dual regulation by Hb is
sufficient to account for the formation of the initial Kr pattern.
Differences between the current attempt to model Kr regulation
and preceding work (9) could be attributed to differences in
assumptions about the detailed molecular mechanisms.

Cross-repressive interactions with other gap proteins are
important for the refinement and maintenance of the Kr pattern
in older embryos (5–8). Previous quantitative measurements of
gene expression and dynamic modeling of the segmentation gene
network led to a surprising observation: the gap gene expression
patterns shift into anterior regions during cellularization (28–
30). Based exclusively on Hb, the dual-regulation models failed
to reproduce this anterior shift in the Kr pattern (Fig. 4D,
compare with C). However, the shift is observed when the
dual-regulation models are combined with known cross-
repressive interactions with the Gt protein (5, 6) (Fig. 4E). Thus,
the initial Kr pattern might be established solely by the dual-
regulatory activities of the Hb gradient. Subsequent repression
by Gt is required for the refinement of the pattern, including the
anterior shift, during cellularization.

Fig. 1. Responses to dual regulators and opposing gradients. (A) In vitro
response (units of CAT activity) of a Kr-CAT fusion gene to different concen-
trations of Hb expression vector (�g of plasmid). Data are based on a published
analysis (13). (B and C) Predicted spatial pattern produced by the antagonistic
activities of two identical gradients (B) or two opposing activator gradients
(C). The predicted response seen in B is very similar to that observed for the
regulation of Kr by Hb.

2902 � www.pnas.org�cgi�doi�10.1073�pnas.0711941105 Papatsenko and Levine

http://www.pnas.org/cgi/content/full/0711941105/DC1
http://www.pnas.org/cgi/content/full/0711941105/DC1
http://www.pnas.org/cgi/content/full/0711941105/DC1
http://www.pnas.org/cgi/content/full/0711941105/DC1
http://www.pnas.org/cgi/content/full/0711941105/DC1
http://www.pnas.org/cgi/content/full/0711941105/DC1
http://www.pnas.org/cgi/content/full/0711941105/DC1
http://www.pnas.org/cgi/content/full/0711941105/DC1
http://www.pnas.org/cgi/content/full/0711941105/DC1


Formation of Eve Stripes. The dual-regulatory activities of the Hb
gradient might not be limited to Kr. The eve stripe 3�7 enhancer
contains a series of closely linked Hb and Kni binding sites.
There is evidence that the enhancer is activated by one or more
ubiquitously distributed transcriptional activators, including
components of the JAK–Stat pathway (31, 32). The borders of
the stripes are established by Hb and Kni, which were considered
to function as dedicated repressors (33, 34) (‘‘Clyde-Corado’’
model; Fig. 2 A, F, and G). According to this model, the Hb
repressor gradient establishes the anterior border of eve stripe 3
and the posterior border of stripe 7 (there is a second source of
Hb in posterior regions) (35). The posterior border of eve stripe
3 and the anterior border of stripe 7 are limited by the Kni
repressor.

Computer simulations produced very similar results for both
the Clyde-Corado and dual-regulation models. Tests were per-
formed only for eve stripe 3, although we also monitored the
presence or absence of stripe 7 (Fig. 2 D–G). In this fairly
stringent test, both models produced accurate solutions for the
limits of stripe 3 (see SI Table 2). According to the Clyde-Corado
model, differences in the positioning of eve stripes 3�7 and 4�6
are explained by different binding affinities in the two enhancers:
Hb binds more strongly to the eve 4�6 enhancer than the eve 3�7
enhancer, whereas Kni binds stronger to 3�7 than 4�6. To
compare the dual-regulation and the Clyde-Corado mechanisms
further, variable Hb and Kni binding constants were analyzed in
the eve stripe 3 and stripe 4 enhancers by using both models (see
SI Table 3). The predicted balance between the Hb and the Kni
repression activities was very similar for the dual-regulation and

the Clyde-Corado models: stronger repression of stripe 4 by Hb
and stronger repression of stripe 3 by Kni (see SI Fig. 9). The
distributions of Hb and Kni binding sites in the two enhancers
were determined previously (33, 34).

Misexpression of Hb in the ventral mesoderm distorts gap
gene expression and eve stripes 3–7 (34) (schematic of the Hb
misexpression is shown in Fig. 5A). eve stripes 4 and 5 are lost
in the ventral mesoderm, while the stripe 3 pattern contains
‘‘arms’’ and stripe 7 contains a ‘‘bulge.’’ These unusual 2D
expression patterns were ‘‘reverse-modeled’’ to compare the
performance of the dual-regulation and Clyde-Corado models
(Fig. 5 B and D). The expression patterns were reproduced by
using Hb 1D data (29), Snail 1D data (17) and the solutions for
eve stripes described above (see SI Tables 2 and 3 and Fig. 2
D–G). Both the dual-regulation and Clyde-Corado models
accurately produced the observed stripe 3 arms and stripe 7
bulge (Fig. 5 B and D).

Discussion
Hb is highly conserved in a variety of insect systems where it is
essential for initiating AP patterning and segmentation. Most
previous efforts to understand the potent patterning activity of
the Hb gradient assumed that it functions as a dedicated
repressor, like other gap proteins such as Kr, Kni, and Gt.
However, there is evidence that Hb can function as both an
activator and repressor (1, 13, 14). These diverse regulatory
activities can be explained, at least in part, by the protein
structure. Hb is a zinc finger protein with two zinc finger
domains. While the central zinc finger domain is involved in

Fig. 2. Dual-regulation models agree with the Kr and Eve patterns. (A) Graphical representation of models for dual regulation. (Top) The dual-B model
assumes that Hb activates transcription when bound to some sites (in green), but represses transcription from others (in gray). (Middle) The dual-P model
assumes that Hb binds to a specific arrangement of sites, and occupancy of all of the sites leads to the masking of the Hb activation domain. The exposed
activation domain is shown in red, blocked is in blue. (Bottom) The Clyde-Corado model assumes ubiquitous activation along with localized repression by
Hb and Kni. (B) Top 40 solutions for Kr regulation based on the dual-B model. The blue line shows the Hb gradient. (C) Top 40 solutions for Kr regulation
based on the dual-P model, combined with Gt repression. (D) Top 40 solutions for eve stripe 3 regulation based on the dual-P model for Hb and Kni
repression. (E) Some of the solutions for eve stripe 3 regulation also display the stripe 7 pattern. High levels of expression in the posterior pole are caused
by the absence of the torso terminal system. (F) Top 40 solutions for eve stripe 3 regulation based on the Clyde-Corado model (see ref. 34). (G) Some of
the solutions also display stripe 7.
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DNA binding, the C-terminal zinc finger (DZF) mediates dimer-
ization (26). Dimerization of Hb on the DNA template might
provide the basis for Hb-mediated transcriptional repression, as
we discuss below.

Regulation of Kr. It has been argued that Kr is activated by Bcd and
repressed by components of the Torso terminal patterning
system (16, 36). This model is based on the observation that the

Kr expression pattern is expanded in bcd � torso-like mutants
(bcd�, tsl�); the strength of the anterior expansion is propor-
tional to the number of copies of the Hb gene (up to four times).
However, an alternative explanation is that the Hb gradient is
sufficient for the central domain of Kr expression in precellular
embryos. In bcd mutants, the only source of Hb is provided by
maternal transcripts. These levels are considerably lower than
those produced from zygotic transcripts induced by the Bcd
gradient. Even four copies of the maternal product might be
sufficient for activation, but not repression, of Kr expression.

The dual-regulation model provides a quantitative explana-
tion for the dynamic pattern of Kr expression. As early as
nuclear cleavage cycle 10–11, Hb alone is sufficient for the
formation of the initial Kr pattern. Later, and throughout
nuclear cycle 14, the anterior border of the Kr expression
pattern is maintained by Hb dual regulation, along with
repression by Gt. Thus, the dual-regulation model can account
for the anterior shift in the Kr expression pattern (Fig. 4 C and
E). There is no need to invoke an unknown or additional
component of the segmentation network. However, there is
still the unresolved question of how much Hb is needed for Kr
repression vs. activation. Quantitative expression data (29)
shows that Kr expression reaches 50% of the peak levels in the
region of the embryo containing �50% of the peak levels of
the Hb gradient. Removing Gt repression from the dual-
regulation models (see SI Fig. 10) suggests that peak levels of
Hb can permit 50–80% of peak Kr expression.

The misexpression of Hb using the sna enhancer delivered up
to 60% of the peak levels of the endogenous Hb gradient, but
nonetheless had no detectable effect on Kr expression (S. Small,
personal communication). These levels may be insufficient to
achieve repression, or ectopic Hb was delivered too late, after the
establishment of the initial Kr pattern.

The current analysis raises the possibility that the Hb
gradient is sufficient for establishing the initial Kr expression

Fig. 3. Positional cues for Kr. (A) Summary of three different dual-regulation
models (see also Fig. 1A). (B and C) Positional cue test. Computer simulations
were done to examine the consequences of changing the positions of the Kr
expression pattern along the AP axis. In most cases, both the solution quality
(B) and the number of good solutions (C) are maximal when Kr is located in its
normal position (see Methods). None of the dual-regulation solutions match
the endogenous Kni expression pattern (see the gray arrows). Thus, dual
regulation by Hb can explain the Kr pattern, but not Kni expression.

Fig. 4. Dynamics of Kr pattern supports role for the Gt repressor. (A) The blue arrow and blue T-arrow show dual Hb activities on the Kr expression pattern.
Repression by Gt (purple T-arrow) is required for maintaining the late Krl pattern. (B) Displayed are the dual-regulation model (dual-B) (Upper) and the same
model with Gt repression (Lower). (C) Temporal changes (anterior shift) in the Kr expression pattern during nuclear cleavage cycle 14, from stage 14.4 to 14.6.
(D) Blue lines show solutions for stage 14.4 based on the dual-regulation model. Green lines show behavior of these solutions using data from stage 14.6. In the
absence of Gt repression, the Kr pattern narrows, which is not in agreement with the observed dynamics of the Kr pattern (see C). (E) In the presence of Gt
repression, most solutions from one temporal stage are also valid for the other stage.
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pattern. This model is not incompatible with the more tradi-
tional view that Kr is regulated by one or more broadly
distributed activators, along with spatially localized repressors
(including Hb) that define the anterior and posterior borders
of the pattern. Indeed, this principle is one of the most broadly
used mechanisms for establishing localized patterns of seg-
mentation gene expression in the early embryo. However, as
discussed earlier, the available information suggests that this
mechanism may not be sufficient to account for the initial Kr
expression pattern. Perhaps dual regulation contributes to this
pattern or works in a partially redundant manner with a
different mode of regulation.

Regulation of Eve. The Hb gradient plays multiple roles in the
regulation of eve expression. Hb helps activate eve stripe 2
expression, and point mutations in the Hb binding sites in the
minimal stripe 2 enhancer lead to a severe reduction in the
activities of an otherwise normal stripe2–lacZ fusion gene
(37). According to previous models, Hb differentially re-
presses the eve stripe 3�7 and 4�6 enhancers. Relatively high
levels of Hb are required for the repression of the 3�7
enhancer, whereas lower levels are sufficient to repress the
4�6 enhancer (32, 38). It has been suggested that ubiquitous
components of the JAK–Stat pathway (e.g., dStat) participate
in the activation of both enhancers in the early embryo (31, 32).

It is possible that the eve stripe 3�7 enhancer is subject to dual
regulation by the Hb gradient. The dual-regulation and Clyde-
Corado models performed equally well in a variety of computer
simulations (see Figs. 2 D–G and 5 B and D). Indeed, the two
models are not mutually exclusive and it is conceivable that a
combination is used for the regulation of stripes 3 and 7. As
discussed for the regulation of the initial Kr pattern, dual
regulation might provide ‘‘back-up’’ or better precision for the
expression patterns produced primarily by the Clyde-Corado
mechanism whereby Hb and Kni function as dedicated repres-
sors to define the stripe borders.

We prefer one specific form of the dual regulation model,
the dimerization on DNA model (dual-P model; SI Fig. 6). The
key feature of this model is that concentration-dependent
activation or repression by the Hb gradient depends on a series
of equivalent Hb binding sites in the Kr and eve 3�7 enhancers
(see Fig. 2 A and SI Fig. 6A). At low Hb concentrations, the
bound Hb monomers function as activators, whereas at high

concentrations Hb forms dimers that either repress transcrip-
tion or block activation. Activation by Hb monomers may be
the result of exposed peptide interfaces that recruit transcrip-
tional coactivator complexes. In contrast, at high density, Hb
monomers bound at neighboring sites are able to interact with
one another, perhaps through the DZF domain (27), and
sequester the coactivator recruitment interfaces. A critical test
of this model would require the mutagenesis of alternating Hb
binding sites in otherwise normal Kr and eve 3�7 enhancers.
Such enhancers should exhibit only activation, not repression,
by the Hb gradient.

Dual Regulation and the Conserved Role of Hb in Evolution. The dual
activities of the Hb regulatory gradient are consistent with its
conserved activity as a critical determinant of segmentation in
a variety of insects, and possibly other arthropods and ecdyso-
zoans (39–41). It has been well established that the bcd gene
is not conserved outside of the Drosophilids, but Hb gradients
have been implicated in the segmentation of a broad spectrum
of insects, including the grasshopper and f lour beetle with
short germband modes of development, and the parasitic wasp
Nasonia, which exhibits a long germband mode of development
(39, 42). The ability of Hb to function as both an activator and
a repressor provides an explanation for its potent patterning
activity in different insect embryos. Although the mechanistic
details may be different, it is interesting to note that another
regulatory morphogen with long-range patterning activity, the
Dorsal gradient in Drosophila, also functions as both a tran-
scriptional activator and repressor (20, 21).

Methods
Quantitative gene expression data were downloaded from the FlyEx database
(29) and refined by interpolation as described in SI Text and SI Fig. 11. The
input data for the Kr models were obtained for nuclear cleavage cycle 14.2,
and the output data were produced for cleavage cycle 14.4. For the eve
models, the input data were obtained for cycle 14.4 and the output data were
produced for cycle 14.6. Quantitative data used in the current study reflect
rather late, ‘‘mature’’ Kr pattern (cycle 14). However, the position of the
earlier Kr pattern (cycles 11–13), recently assessed by Jaeger et al. (9) is
consistent with the mature pattern.

The Metropolis–Hastings algorithm (SI Fig. 12) was used for fitting param-
eters (30, 43), based on the correlation, r, between the model and data as the
objective function. Probability of acceptance was calculated from the likeli-
hood ratio between the current (r0) and the proposed states (r1). The proposed
state was accepted if the likelihood ratio produced a number greater than a
random number U, derived from a uniform distribution:

U � ��1 � r1��1 � r0�

�1 � r0��1 � r1�
��

; U � �0; 1�. [2]

An additional parameter � was sometimes used to optimize performance. At
� � 1 the algorithm works as Metropolis–Hastings based on r, at � 	 1 the
algorithm exaggerates good solutions, at � 
 1 the algorithm is able to cross
deeper and longer valleys. In all fitting tests, the search was run for 300 steps
per seed point for no more than 1,000 independent seed points.

In the shifting tests (Fig. 3) only the Kr (output) data were shifted along the
AP axis, while the input data (Hb) were in its original position. For each Kr data
shift 1,000 seed points were explored. Best qualities are plotted in Fig. 3B, and
the number of solutions exceeding r � 0.95 are plotted in Fig. 3C.

In pseudodynamics tests (Fig. 4), the model solutions (parameters) derived
from fitting Kr at the stage 14.23 14.4 (Hb3 Kr) were taken to test the same
model, but using the data from the later stages (14.43 14.6).

All scripts and programs used in this study are available from D.P. on request
(dxp@berkeley.edu).
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Fig. 5. Reverse modeling of abnormal eve patterns. (A) Misexpression of Hb
in the presumptive mesoderm (see ref. 34). In silico representation using Snail
data from the DvEx database. (B and D). Both the Clyde-Corado and dual-
regulation models can reproduce the altered pattern of eve expression re-
sulting from Hb misexpression, including the stripe 3 arms and stripe 7 bulge.
(C) Repression of kni by ectopic Hb in silico.
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