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Understanding eukaryotic transcriptional regulation and its role in development and pattern formation is
one of the big challenges in biology today. Most attempts at tackling this problem either focus on the
molecular details of transcription factor binding, or aim at genome-wide prediction of expression pat-
terns from sequence through bioinformatics and mathematical modelling. Here we bridge the gap be-
tween these two complementary approaches by providing an integrative model of cis-regulatory ele-
ments governing the expression of the gap gene giant (gt) in the blastoderm embryo of Drosophila
melanogaster. We use a reverse-engineering method, where mathematical models are fit to quantitative
spatio-temporal reporter gene expression data to infer the regulatory mechanisms underlying gt ex-
pression in its anterior and posterior domains. These models are validated through prediction of gene
expression in mutant backgrounds. A detailed analysis of our data and models reveals that gt is regulated
by domain-specific CREs at early stages, while a late element drives expression in both the anterior and
the posterior domains. Initial gt expression depends exclusively on inputs from maternal factors. Later,
gap gene cross-repression and gt auto-activation become increasingly important. We show that auto-
regulation creates a positive feedback, which mediates the transition from early to late stages of reg-
ulation. We confirm the existence and role of gt auto-activation through targeted mutagenesis of Gt
transcription factor binding sites. In summary, our analysis provides a comprehensive picture of spatio-
temporal gene regulation by different interacting enhancer elements for an important developmental
regulator.
& 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Despite considerable recent research progress, many quantita-
tive aspects of eukaryotic transcriptional regulation—and its role in
development and pattern formation—remain to be elucidated.
How do specific arrangements of transcription factor binding sites
define the modular structure of many cis-regulatory elements
(CREs)? How do such modular CREs interact with each other and
the promoter of a gene? How do spatially and temporally specific
gene expression dynamics arise from these interactions? To an-
swer such questions, we must go beyond molecular analysis to
understand interactions between binding sites and CREs in an
integrative manner.
Inc. This is an open access article u
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We address these issues through a quantitative, data-driven,
modelling-based analysis of the gap gene giant (gt). The gap gene
system comprises the first zygotic regulatory layer of the seg-
mentation network in Drosophila melanogaster (Jaeger, 2011). gt
becomes expressed in broad anterior and posterior domains dur-
ing the early blastoderm stage of development; the anterior do-
main later refines into two stripes, and an additional expression
domain at the anterior tip appears; the posterior domain narrows,
retracting from the pole and shifting towards the anterior before
the end of the blastoderm stage (Fig. 1A) (Becker et al., 2013; Eldon
and Pirrotta, 1991; Kraut and Levine, 1991b; Mohler et al., 1989;
Surkova et al., 2008a). This dynamic expression pattern is more
complex than that of other gap genes (e.g. hunchback, hb), yet
simpler than that of pair-rule genes (e.g. even-skipped, eve), both of
which have been used extensively as case studies for the analysis
of transcriptional regulation.

Expression of gt is regulated as follows (Fig. 1B) (Jaeger, 2011):
maternal protein gradients of Bicoid (Bcd) and Caudal (Cad) acti-
vate the anterior and posterior domains of gt, respectively (Eldon
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Expression and regulation of giant (gt). (A) Expression of gt early (top; time class T1) and late (bottom; T7) during cleavage cycle 14A. (B) Overview of gt regulation in
the context of the gap gene system (adapted from Jaeger, 2011). Coloured boxes indicate the position of gap domains along the antero–posterior (A–P) axis in the trunk
region of the Drosophila blastoderm. Background colour represents main activating inputs by maternal factors. Arrow indicates activation, T-bar connectors indicate re-
pression between gap genes. (C) gt CREs and their genomic location relative to the gt promoter (P) and the gt coding sequence (blue arrow): CE8001 (Berman et al., 2002);
gt�1, gt�3, gt�6, and gt�10 (numbers indicate genomic location) (Schroeder et al., 2004); gt1 and gt23 (numbers indicate gt domains driven by each respective CRE)
(Ochoa-Espinosa et al., 2005); the downstream CRE gtþ36 is not shown (Perry et al., 2011). The “combined” CRE used in this paper includes both gt�1 and gt�3.
(D) Incompatible mechanisms are involved in early versus late gt regulation: strong Hb repression is needed to position the early posterior gt domain, but poses a problem
for gt expression in the anterior; Hb repression is absent at later stages, when Kr has taken over its role in the posterior. Graphs show gap expression patterns along the A–P
axis as indicated. Panels with embryo images illustrate regulatory mechanisms implemented by each respective CRE (transcription factor names indicating the presence of
the corresponding binding sites). Activators are shown in green, repressors in red, auto-regulation in blue. Embryo images show reporter gene expression (time classes as
indicated). All embryos are shown in lateral view: anterior is to the left, dorsal on top. See text for details.
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and Pirrotta, 1991; Kraut and Levine, 1991b; Olesnicky et al., 2006;
Rivera-Pomar et al., 1995; Schulz and Tautz, 1995). These broad
initial domains are refined through gap gene cross-repression.
Krüppel (Kr) strongly represses gt in the central region of the
embryo, preventing the anterior expansion of the posterior gt
domain (Capovilla et al., 1992; Eldon and Pirrotta, 1991; Kraut and
Levine, 1991a, 1991b; Mohler et al., 1989; Struhl et al., 1992; Sur-
kova et al., 2013). Terminal gap proteins Tailless (Tll) and Huck-
ebein (Hkb) repress gt in the posterior pole region of the embryo
(Brönner et al., 1994; Brönner and Jäckle, 1991, 1996; Eldon and
Pirrotta, 1991; Janssens et al., 2013; Kraut and Levine, 1991a,
1991b). Additional repression caused by the appearance of the
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Fig. 2. Reverse engineering and modelling transcriptional regulation. (A) Overview of our reverse-engineering approach. A model of transcriptional regulation (Kim et al.,
2013; Reinitz et al., 2003) is fit to quantitative spatio-temporal reporter gene expression data (central circle). The model takes CRE sequence, positional weight matrices
(PWMs), and transcription factor concentrations for each regulator as inputs. The role of each regulator (activator/repressor) is defined before fitting. The model produces
reporter gene expression patterns as output. Residual differences between model output and data (as indicated by root mean square, RMS, scores) are minimised using an
ordinary least squares cost function. Model fitting results in a set of estimated parameter values that allow us to analyse the regulatory mechanisms underlying gt regulation
across space and time. (B) Regulatory mechanisms implemented by the model: (1) repressors can act through competitive binding with activators at overlapping sites;
(2) short-range repression leads to “quenching” of activator activity in a local genomic neighbourhood; (3) direct repression interferes directly with the activity of the basal
transcription machinery at the promoter; (4) cooperativity leads to increased binding affinity for activators such as Bcd; (5) co-activation can turn a repressor into an
activator (as observed in the case of Hb co-binding with Bcd); (6) bound activators recruit adaptor factors that lower the energy barrier for transcription initiation according
to a diffusion-limited Arrhenius rate law. See text for details.
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posterior hb domain leads to narrowing and anterior shift of the
posterior gt domain (Crombach et al., 2012b; Eldon and Pirrotta,
1991; Jaeger et al., 2004b; Kraut and Levine, 1991a, 1991b; Mohler
et al., 1989). Hb repression is also important for setting the ante-
rior boundary of the posterior gt domain at early stages, before Kr
protein accumulates to sufficient levels to take over this role (El-
don and Pirrotta, 1991; Jaeger et al., 2007; Schulz and Tautz, 1995;
Struhl et al., 1992). Knirps (Kni) does not have any effect on gt
(Eldon and Pirrotta, 1991; Kraut and Levine, 1991b; Mohler et al.,
1989; Surkova et al., 2013).

Previous studies have identified eight gt CREs, some over-
lapping with each other (Fig. 1C). Expression at the anterior tip of
the embryo is driven by elements gt1 and gt�6, in the anterior
domain by gt23 and gt�10, and in the posterior domain by
CE8001 and gt�3 (Berman et al., 2002; Ochoa-Espinosa et al.,
2005; Schroeder et al., 2004). Perhaps surprisingly, not all gt CREs
show domain-specific expression. The gt�1 element, located di-
rectly upstream of the promoter, produces gt transcripts in both
anterior and posterior domains (Schroeder et al., 2004). The sha-
dow enhancer gtþ36, located far downstream of the gt gene, also
drives late and patchy expression in both domains (Perry et al.,
2011).

CREs that drive expression of gt in both its anterior and pos-
terior domain (gt�1, gtþ36) pose a regulatory paradox, since the
proposed regulatory mechanisms for anterior and posterior ex-
pression are mutually contradictory (Fig. 1D) (Jaeger, 2011; Jaeger
et al., 2007). In particular, repression by Hb is required to set the
anterior boundary of the posterior gt domain during the early
blastoderm stage (cleavage cycles C11/12). In contrast, Hb repres-
sion does not seem to affect gt in the anterior where it would
overwhelm activation by Bcd. During C13 and C14A, the paradox is
resolved by Kr taking over repression of the anterior boundary of
the posterior gt domain such that repression by Hb is no longer
necessary. Incongruent mechanisms for early regulation may ex-
plain why many previous modelling efforts have not been able to
reproduce gt expression correctly unless anterior and posterior
expression domains were separated (He et al., 2010; Jaeger et al.,
2007; Kazemian et al., 2010; Kim et al., 2013; Kozlov et al., 2014;
Samee and Sinha, 2014; Segal et al., 2008). Here, we resolve this
apparent incongruence by providing a detailed quantitative ana-
lysis of how gt CREs implement their complex spatio-temporal
regulatory dynamics.

Our analysis is based on a reverse engineering approach, where
a model of transcriptional regulation is fit to quantitative reporter
gene expression data driven by different gt CREs (Fig. 2) (Janssens
et al., 2006; Kim et al., 2013; Reinitz et al., 2003). Here, we only
provide a brief overview over the basic principles of the approach.
See Section 2 and Supplementary Material (Figs. S1–S4) for a more
detailed description of the model and the fitting procedure.

As input, the model requires CRE sequences in combination
with quantitative transcription factor concentration profiles and
positional weight matrices (PWMs); PWMs represent the binding
affinity of each regulator to its respective target sites (Fig. 2A, left).
From this model input, we calculate output patterns driven by
each CRE (Fig. 2A, right). These patterns depend on a number of
model parameters—such as dissociation constants or cooperativity
coefficients for transcription factor binding—whose values are
unknown and must be determined by model fitting (Fig. 2A,
middle). Model parameters determine the relative role of the fol-
lowing six molecular mechanisms implemented by the model
(Fig. 2B). (1) The model considers competitive binding at over-
lapping transcription factor binding sites (Fig. 2B1). (2) It imple-
ments short-range repression (Fig. 2B2), based on the quenching
effect of bound repressors on nearby activators (Gray and Levine,
1996; Gray et al., 1994). (3) It allows us to include direct repres-
sion, mediated by interaction of bound repressors with the basal
transcriptional machinery at the promoter (Fig. 2B3). (4) The
model can include cooperative binding of Bcd to nearby clustered
sites (Fig. 2B4) (Burz et al., 1998; Ma et al., 1996). (5) It allows us to
consider co-activation by Hb with Bcd and/or Cad (Fig. 2B5; see
also next paragraph). (6) Finally, activators exert their combined
effect on the transcription rate of gt through recruitment of
adaptor factors, which in turn bind the polymerase complex
(Fig. 2B6).

To enable successful model fitting, we constrain the role of each
regulator based on experimental evidence. Bcd and Cad are always
defined as activators of gt (Eldon and Pirrotta, 1991; Kraut and
Levine, 1991b; Olesnicky et al., 2006; Rivera-Pomar et al., 1995;
Schulz and Tautz, 1995), while Kr, Kni, Tll, and Hkb are considered
to be repressors (Fig. 2A, left) (Berman et al., 2002; Brönner and
Jäckle, 1991, 1996; Capovilla et al., 1992; Eldon and Pirrotta, 1991;
Kraut and Levine, 1991a, 1991b; Mohler et al., 1989; Struhl et al.,
1992; Surkova et al., 2013). As explained above, the situation is
more complicated for Hb: transcriptional analysis of eve reveals a
context-dependent role for this factor, activating the CRE for eve
stripe 2, but repressing the CRE for stripe 3 (Small et al., 1996,
1992, 1991; Stanojevic et al., 1991). This differential effect depends
on Bcd binding to nearby sites, which turns Hb into a co-activator
in the case of the stripe-2 element (Small et al., 1991), and prob-
ably also in other regulatory contexts (Simpson-Brose et al., 1994).
We tested the possibility of similar context-dependent effects of
Hb on gt by contrasting model fits that include or exclude the
possibility of Bcd-mediated Hb co-activation (see Fig. 2B5). In
addition, we explored the role of gt auto-regulation—for which
there is only very circumstantial evidence (Eldon and Pirrotta,
1991)—by fitting models that include (as an activator or repressor)
or exclude it. In a similar manner, we can use the model to test
whether direct repression (Fig. 2B3) or Bcd cooperativity (Fig. 2B4)
are necessary for correct reporter gene expression.

In this paper, we dissect the different mechanisms for early and
late gt expression—using quantitative reporter assays and mathe-
matical modelling—and thereby resolve the apparently para-
doxical role of Hb repression in gt regulation. We show that early
expression is governed by separate domain-specific CREs in the
anterior and the posterior. In contrast, CREs driving expression in
both gt domains are only active later, independent of Hb repres-
sion. Our models are validated by correct prediction of gt expres-
sion in several gap gene mutants. They confirm that early gt acti-
vation is induced by maternal factors, and reveal that late ex-
pression by gt�1 in both domains involves an important reg-
ulatory contribution by gt auto-activation. This is confirmed by
targeted mutagenesis of Gt binding sites in gt�3 and gt�1. We
show that gt auto-activation mediates the transition from early to
late gt regulation, and show how it interacts with gap–gap cross-
regulation to refine and maintain the expression of gt throughout
the blastoderm stage of development.
2. Materials and methods

2.1. Reporter constructs, transgenesis, and staining protocols

CRE reporter constructs were created by amplifying en-
dogenous gt�1, gt�3, and a combined fragment covering both
gt�1 and gt�3 from genomic DNA, and ligating them into lacZ-
carrying plasmids as described in detail in Supplementary Mate-
rials and Methods. Reporter constructs were integrated into target
lines at 37B and/or 89B. Construct-carrying chromosomes were
combined into mutant backgrounds through standard fly crosses
or meiotic recombination, except for maternal hb, which was
knocked down using transgenic RNAi. In situ hybridisation and
immunostaining were performed using standard protocols. These
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procedures, as well as mutagenesis of Gt binding sites, are de-
scribed in Supplementary Materials and Methods.

2.2. Data processing/quantification

Data from enzymatically stained embryos (Crombach et al.,
2012a), and quantitative data for gt mRNA and Eve protein (Becker
et al., 2013; Jaeger et al., 2007; Janssens et al., 2006; Surkova et al.,
2008b) were processed as described previously. Compared to en-
dogenous gtmRNA, lacZ signal shows a patchy/dotted pattern. This
creates difficulties for our standard quantification procedure,
which averages mRNA concentrations across the entire area of
each energid (a nucleus and its surrounding cytoplasm). For this
reason, we introduce an additional threshold based on the bimo-
dal histogram of our embryo images, which isolates sub-cellular
patches and eliminates areas of low staining. Only pixel values
above the threshold are taken into account for the calculation of
average intensity. This results in higher signal and removes non-
specific background staining.

Integrated lacZ mRNA data used for model fitting were post-
processed as follows: expression profiles were smoothened by
applying a Gaussian filter (to avoid overfitting), and residual low-
level expression in embryo regions known to be non-expressing
was manually corrected to zero.

2.3. Modelling transcriptional regulation

We use an extended version of the transcriptional model
by Reinitz et al. (2003) as described in Kim et al. (2013). In brief,
the model takes the DNA sequence of the CRE, PWMs for each
regulator, and transcription factor concentration profiles as input
(Fig. 2A). We used the set of PWMs described in Kim et al. (2013).
As a first step, the model calculates fractional occupancies of ac-
tivators and repressors, considering repression by binding com-
petition at overlapping binding sites. Next, it evaluates short-range
interactions such as repression by quenching, cooperative binding,
and/or co-activation (see Section 1 and Fig. 2B). All of these me-
chanisms only happen within a defined sequence neighbourhood
of 150 bp around a given binding site. Activators interact with the
basal transcription machinery through adaptor factors (Fig. 2B6),
which lower the activation energy barrier for transcription initia-
tion according to a diffusion-limited Arrhenius law (Kim et al.,
2013). As output, the model produces predicted expression profiles
for each CRE.

2.4. Model fitting

Models were fit to quantified reporter gene expression data
using a global optimisation approach based on Lam simulated
annealing (LSA) (Lam and Delosme, 1988a, 1988b). We used an
ordinary least squares (OLS) cost function for fitting (Janssens
et al., 2006; Kim et al., 2013), and the same search space limits as
in Kim et al. (2013). Each model fit is repeated 3–10 times with
randomised initial conditions. Independent fits provide us with
estimates of parameter values and a specific set of transcription
factor binding sites that are found to be relevant for patterning by
the model (dependent on the estimated value of a threshold
parameter). Simulation and optimisation code are available from
the authors upon request.
3. Results

3.1. Quantitative expression dynamics of gt cis-regulatory elements

Preliminary tests on existing gt CRE reporter lines revealed that
while gt23 (in the anterior) and gt�3 (in the posterior) exhibit
expression at C12, gt�1 (in both domains) only initiates during
early C14A (Fig. 1D). In addition, we predicted the binding site
content of gt23, gt�3 and gt�1 using the Stubb algorithm
(Fig. 1D; Supplementary Material Fig. S5) (Sinha et al., 2006). The
observed differences in expression timing and binding site content
strongly suggest that each CRE implements a different regulatory
mechanism. More specifically, they imply distinct temporal modes
of gt regulation: early expression activated by maternal factors and
repressed by Hb in the posterior through domain-specific CREs;
late expression in both domains boosted by auto-regulation, in-
dependent of Hb repression (Fig. 1D). Both these aspects are im-
portant for the regulation of the posterior gt domain. Since reg-
ulation of posterior gt expression is much better understood than
the anterior gt domain, we focus on the relative contributions of
gt�3 and gt�1 to the posterior gt expression domain in what
follows.

For a quantitative analysis, it is crucial to exclude possible ex-
pression differences due to genomic insertion site or the promoter
used in a construct. Therefore, we created new reporter lines for
gt�1, gt�3, and a combined gt�1/gt�3 CRE (see Fig. 1C) using
site-specific integration (see Section 2 for details) (Bateman et al.,
2006). Each construct contains a CRE, a core promoter, and a lacZ
reporter. We tested different promoters, integration sites on both
2nd and 3rd chromosomes (37B and 89B, respectively), as well as
effects of 5′ versus 3′ orientation of the integrated constructs. We
find that 3′ orientation consistently reduces expression levels.
Unless noted otherwise, we used 5′ constructs with an en-
dogenous gt core promoter integrated at 89B (Juven-Gershon et al.,
2008).

Using fluorescent in situ hybridization protocols, we created
high-resolution data sets of quantitative spatio-temporal expres-
sion data for gt�1, gt�3 and the combined gt�1/gt�3 CRE.
Embryos were simultaneously stained for lacZ and gt mRNA, Eve
protein (for time classification and data registration), and nuclei.
Expression profiles were processed and quantified as described in
Section 2. Our data sets cover blastoderm cleavage cycles C12–14A,
C14A being further subdivided into time classes T1–8 (Surkova
et al., 2008b). With one single exception, each time point is re-
presented by at least ten embryos in our data set (Supplementary
Material Table S1). Fig. 3 shows the resulting integrated (i.e.
averaged) expression profiles for each construct, and compares
them to the distribution of endogenous gt mRNA (Becker et al.,
2013) (see also Supplementary Material Figs. S6 and S7).

Our quantitative data corroborate that gt�3 and the combined
CRE drive expression as early as C12, while the gt�1 construct
exhibits a weak signal in C13 and only becomes strongly expressed
in early C14A (Supplementary Material Fig. S7). During C14A, all
three constructs reproduce the boundary positions of both ante-
rior and posterior gt domains closely, the only exception being the
combined element whose anterior boundary of the posterior do-
main seems slightly displaced towards the middle of the embryo
at early stages (up to T1; Fig. 3; Supplementary Material Fig. S7).
Expression peaks around T4/5 across constructs. All three CREs, as
well as the endogenous gt mRNA, form a previously unreported
tiny additional peak in T7/8 at around 80% A–P position (where 0%
is the anterior pole; Fig. 3, time class T7). Neither gt�1 nor the
combined CRE achieve separation of the anterior domain into two
stripes at late time classes, and the anterior boundary of the
anterior domain appears less sharp than for endogenous gt (Fig. 3;
Supplementary Material Figs. S6 and S7).

3.2. Models fit to gt�3 reporter expression reproduce known reg-
ulatory mechanisms

We fitted a detailed model of transcriptional regulation to our
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quantitative lacZ reporter data (see Sections 1 and 2) (Janssens
et al., 2006; Kim et al., 2013; Reinitz et al., 2003). Model fits in-
clude all 10 time points (C12, C13, C14A/T1–8), and cover the trunk
region of the embryo between 32% or 35–92% A–P position. Our
model includes activators Bcd and Cad, as well as repressors Hb,
Kr, Kni, Tll, Hkb, and (where indicated) Gt. Supplementary Material
Table S2 gives an overview on models and fitting conditions; Table
S3 lists the parameters that were fitted (33 parameters for the
model described in this section). A selection of estimated para-
meter values and corresponding scatter plots are shown in Sup-
plementary Material Table S4 and Fig. S4.

We first fitted a minimal model to data for the gt�3 reporter
construct. This model does not consider Gt auto-regulation, Hb co-
activation, Bcd cooperativity, or direct repression. It is able to ac-
curately reproduce the spatio-temporal pattern driven by gt�3 in
the posterior, including the observed anterior shift of expression
boundaries over time (Fig. 4A). However, predicted expression
levels in the model are too high during C12 and C13, and too low at
later time classes (from T3 onward).

Model analysis reveals regulatory contributions mediated by
specific transcription factor binding events, which are consistent
with experimental data (Supplementary Material Fig. S9) Cad is
the only activator of gt�3 (Fig. 4B) (Olesnicky et al., 2006; Rivera-
Pomar et al., 1995; Schulz and Tautz, 1995). Repression by Hb is
predominant in the anterior at early stages, but becomes in-
creasingly complemented by Kr in the middle of the embryo
(Fig. 4C) (Berman et al., 2002; Capovilla et al., 1992; Eldon and
Pirrotta, 1991; Jaeger et al., 2004a, 2007; Kraut and Levine, 1991a,
1991b; Mohler et al., 1989; Schulz and Tautz, 1995; Struhl et al.,
1992; Surkova et al., 2013). Additional repressive contributions by
Tll and Hkb are present in the posterior pole region (Fig. 4C)
(Ashyraliyev et al., 2009; Brönner et al., 1994; Brönner and Jäckle,
1991, 1996; Eldon and Pirrotta, 1991; Jaeger et al., 2004a; Kraut
and Levine, 1991a, 1991b). Increasing repression by Hb in the
posterior causes the observed anterior shift of the posterior ex-
pression domain boundary (Fig. 4C) (Ashyraliyev et al., 2009; El-
don and Pirrotta, 1991; Jaeger et al., 2004a, 2004b; Mohler et al.,
1989). All of this is completely consistent with our analysis of
binding site content and evidence from previous genetic, mole-
cular, and modelling studies on the regulation of the posterior gt
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domain (as cited).
Next we tested the influence of gt auto-regulation. Including gt

auto-repression does not improve model fits or alter predicted
regulatory interactions (not shown). In contrast, models that
consider gt auto-activation show better agreement of expression
levels between model and data (Supplementary Material
Fig. S10A). These models still have Cad as the main activator, but
show a small additional contribution by Gt (Supplementary Ma-
terial Fig. S10B). Unfortunately, they also predict an artefactual
repressive contribution from Kni, which is inconsistent with ex-
perimental evidence (Eldon and Pirrotta, 1991; Mohler et al., 1989;
Surkova et al., 2013) (Supplementary Material Fig. S10C). Even
though our modelling results remain somewhat ambiguous, they
do indicate that auto-activation is not essential for proper posi-
tioning of gt�3 expression.

Including Bcd cooperativity and/or co-activation of Hb does not
improve model fits (data not shown). Neither does direct repres-
sion. We conclude that these mechanisms are not important for
the regulation of gt�3.

3.3. gt�1 and the combined gt�1/gt�3 CRE function via gt auto-
activation

A minimal model—without gt auto-regulation, Bcd co-
operativity, Hb co-activation, or direct repression—fit to data for
the gt�1 reporter construct reproduces expression in both ante-
rior and posterior domains across all time classes (Supplementary
Material Figs. S10D–S10F). However, boundary positions are not
very precise and expression levels are too low from T3 until T7.
Additionally, these models show considerable early leakage in the
form of ubiquitous expression at C12, while the data show no
expression at this time point.

Including gt auto-repression did not improve model fits (not
shown). Fits improve substantially, however, when considering gt
auto-activation for gt�1: domain boundaries are reproduced ac-
curately, and expression levels now match tightly between model
and data (Fig. 4D). The model predicts residual activating con-
tributions by Bcd and Cad, although only a few low-affinity
binding sites are detected for each of these factors (Fig. 4E). In
contrast to gt�3, however, models for gt�1 require a major ac-
tivating contribution by Gt, especially at late stages (compare
Fig. 4E with Supplementary Material Fig. S10). Weak repression by
Hb is present, but very minor, while Kr represses gt�1 in the
middle of the embryo (Eldon and Pirrotta, 1991; Schulz and Tautz,
1995; Struhl et al., 1992) and Tll/Hkb in the posterior (Fig. 4F)
(Brönner et al., 1994; Brönner and Jäckle, 1991, 1996; Eldon and
Pirrotta, 1991; Kraut and Levine, 1991a, 1991b). In addition, the
model identifies very minor repressive contributions by Kni
(Fig. 4F).

Adding Bcd cooperativity or Hb co-activation does not improve
the quality of the fits. This is consistent with a rather minor role
for these maternal factors in regulating gt�1. Including direct
repression did not have any effect either.

Pattern defects are most serious when fitting a minimal model
to the combined gt�1/gt�3 CRE without considering gt auto-ac-
tivation. In these models, the anterior gt domain is completely
missing (Supplementary Material Fig. S10G). This suggests that
anterior expression—presumably driven by the gt�1 fragment of
the combined sequence—cannot be activated by Bcd alone, or that
it is quenched by antagonising Hb repression from binding sites in
gt�3. Including Bcd cooperativity and Hb co-activation results in
the model predicting activation by Hb in the anterior. This in turn
leads to leakage in the central region of the embryo (not shown).
Additionally, there are defects affecting boundary positions and
expression levels in the posterior domain. The problem of the
missing anterior domain gets solved by including gt auto-
activation in the model (Fig. 4G). Such models achieve an accurate
fit for all domain boundaries, although some problems with ex-
pression levels remain. Predicted regulatory mechanisms are
consistent with our results for both gt�3 and gt�1. The combined
model suggests significant gt auto-activation, with minor con-
tributions from Bcd and Cad (Fig. 4H). Repressing inputs are pro-
vided by Hb, Kr, and Tll (Fig. 4I).

In summary, our models suggest essential Gt auto-activation
for gt�1, but not gt�3. To ensure that this prediction is not a
methodological artefact, we tested whether models including gt
auto-activation as the only regulatory input (or in combination
with gap cross-repression, but no maternal activation) are able to
reproduce reporter gene expression for gt�3 and gt�1 correctly
(Supplementary Material Fig. S11). These controls indicate that
maternal factors are absolutely essential for activation of gt�3, but
not for gt�1, while gap gene cross-repression is necessary for both
elements.

Our modelling predictions are supported by experimental evi-
dence. Embryos expressing gt mRNA which does not encode a
functional Gt protein show a failure of gt domains to intensify
during the late blastoderm stage (Eldon and Pirrotta, 1991). Our
results indicate that this is probably due to reduced expression
from gt�1, while mRNA driven from gt�3 remains at wild-type
levels in a gt mutant background (Supplementary Material Fig.
S12).

3.4. in vivo mutagenesis of Gt binding sites confirms differential
activation of gt�3 vs. gt�1

To test the predicted role of gt auto-activation more directly, we
generated mutated versions of the gt�3 and gt�1 CREs without
Gt binding sites. We achieved this by introducing point mutations
into all Gt sites predicted by our models (see Supplementary
Materials and Methods). In total, we mutated 15 Gt binding sites in
gt�1, and 8 in gt�3 (Supplementary Material Fig. S13).

Eliminating Gt binding sites from gt�1 results in a severely
altered expression pattern (Fig. 5A–C). However, the observed
expression changes are not quite as strong as predicted by our
model. The anterior domain is absent. The intensity of the pos-
terior domain is lower than in the wild-type enhancer, an effect
that gets increasingly pronounced at later stages (Fig. 5A–C). This
demonstrates that Bcd has no influence on the anterior domain of
gt�1, which is exclusively driven by gt auto-activation. The pos-
terior domain also relies primarily on Gt, while residual expression
can be explained by Cad activation. This is consistent with our
model analysis shown in Fig. 4E, but not reflected in the predicted
lack of expression by the model in the posterior of the embryo.

In contrast, eliminating Gt binding sites from gt�3 results a
posterior domain at the same position and with similar expression
levels compared to wild-type gt�3 (Fig. 5D and E). This confirms
our modelling results, which indicate that gt auto-activation is
weak, and is not essential for expression driven by gt�3. Instead,
this CRE is predominantly activated by Cad (Fig. 4B).

3.5. Model validation through prediction of CRE-driven expression in
Kr and tll mutants

So far, we have restricted our analysis to regulation of gt CREs in
a wild-type genetic background. To validate our model predictions,
we simulated reporter gene expression patterns in Kr and tll mu-
tants using two previously published quantitative data sets of
transcription factor concentrations as model input (Surkova et al.,
2013; Janssens et al., 2013). We then compared these model pre-
dictions to expression data from the respective mutant
background.

In a Kr mutant background, the anterior gt domain is not
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affected, whereas the posterior domain is displaced and expanded
towards the anterior (Eldon and Pirrotta, 1991; Mohler et al., 1989;
Surkova et al., 2013). The model correctly reproduces the observed
anterior shift and broadening of the posterior domain for gt�3
(Fig. 6A–D) (Berman et al., 2002). The situation is more compli-
cated for gt�1 (Fig. 6E–G). This CRE shows a complex expression
pattern with three stripes and severe de-repression between them
in Kr mutant embryos (Fig. 6G). The additional, ectopic stripe ap-
pears in the middle of the embryo, at the position of the (wild-
type) central Kr domain. This result is surprising, since en-
dogenous gt expression does not show this pattern (Eldon and
Pirrotta, 1991; Mohler et al., 1989; Surkova et al., 2013). We can
exclude a positional effect based on transgene integration, since
embryos from the original line of Schroeder et al. (2004) show the
same ectopic stripe (Fig. 6G, right-hand panel). Models fit to gt�1
predict no defects in the anterior gt domain while the posterior
domain is displaced and expanded towards the anterior in Kr
mutants (Fig. 6E). This closely resembles the mutant expression
pattern of Gt protein (Surkova et al., 2013), but not the three-
striped pattern observed in our experiments (Fig. 6G). Finally, the
pattern driven by the combined gt�1/gt�3 element can be in-
terpreted as a simple addition of the patterns driven by each in-
dividual CRE (Fig. 6H–J). Early on, this element drives a wild-type-
like anterior, and a strongly expanded posterior domain (Fig. 6J,
left panel). Both domains are clearly separated. At later stages,
there is increasing de-repression in the central region, and a third
expression domain emerges (Fig. 6J, middle and right panels).
Again, our model predicts a wild-type anterior domain, plus dis-
placement and expansion of the posterior domain (Fig. 6H), but
does not reproduce the observed three-stripe pattern. In all three
CREs, repression by Hb and Tll contribute to the placement of both
domains, whose patterns are maintained and refined by gt auto-
activation in the case of gt�1 and the combined gt�1/gt�3 CRE
(Fig. 6B, F and I).

In tll mutant embryos, the posterior gt domain is expanded
towards the posterior because of a delay and failure to retract from
the posterior pole (Brönner and Jäckle, 1991; Eldon and Pirrotta,
1991; Janssens et al., 2013; Kraut and Levine, 1991b). The expan-
sion does not reach the posterior pole, due to residual repression
by Hkb in that region (Brönner and Jäckle, 1996). All our models—
for gt�3, gt�1, and the combined gt�1/gt�3 CRE—predict this
expansion correctly (Fig. 7A–C). The predicted position of the
posterior boundary driven by all elements fits closely with that
measured in tllmutant embryos (shown for gt�3 in Fig. 7D and E).

3.6. CRE expression in hb and kni mutants

Since we do not have quantitative transcription factor profiles in
other gap mutant backgrounds, we could not use the model to
predict mutant expression patterns. Instead, we assayed reporter
gene expression in hb and kni mutant embryos, and discuss the re-
sults in light of the regulatory mechanisms predicted by the model.

In both zygotic and maternal hb mutant embryos, the posterior
gt domain expands towards the posterior pole and, to a lesser
degree, towards the anterior (Eldon and Pirrotta, 1991; Kraut and
Levine, 1991b; Mohler et al., 1989). The effect of Hb on the anterior
gt domain is more subtle and likely to be indirect: some authors
have reported a slight anterior displacement of this domain
(possibly due to anterior expansion of Kr) (Eldon and Pirrotta,
1991; Kraut and Levine, 1991b), while others have been unable to
detect this effect (Mohler et al., 1989). We find that patterns driven
by gt-1 and gt-3 show very similar defects in hb mutants (Sup-
plementary Materials Fig. S14). Both of them resemble mutant
expression of the endogenous gt mRNA. These effects are likely to
be direct in the case of gt-3, but probably mediated by auto-acti-
vation in the case of gt-1 (see Discussion).

Finally, we could not detect any expression defects for gt-1 and
gt-3 reporters in kni mutants (Supplementary Material Fig. S15).
This is consistent with quantitative experimental evidence on Gt
protein expression (Surkova et al., 2013) and the model prediction
that Kni does not play a significant role in the regulation of gt
CREs.
4. Discussion

This study provides an in-depth analysis of the molecular
regulatory mechanisms governing expression of the gap gene gt.
We present experimentally validated models that correctly re-
produce the expression and regulation of a number of gt CREs in
wild-type and mutant backgrounds. These models accurately track
changing regulatory contributions to gt in a quantitative manner at
high resolution across space and time.

The main biological insights emerging from our study can be
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summarised as follows. We have shown that different mechanisms
govern early and late stages of gt regulation (Fig. 8). During the
early blastoderm stage, anterior and posterior gt expression is
regulated exclusively by domain-specific CREs. The anterior ele-
ment gt23 is activated by Bcd, which also sets its posterior
boundary; Hb does not affect this CRE. The posterior element gt�3
is activated by Cad; its anterior boundary is positioned through
repression by Hb (early) and Kr (late); its posterior boundary is set
through repression by Tll and Hkb, while an additional repressive
contribution by Hb regulates its positional shift towards the
anterior over time. During the late blastoderm stage, gt expression
shows a steadily increasing contribution driven by the gt�1 CRE,
which drives expression in both anterior and posterior domain.
gt�1 is only very weakly activated by maternal factors; its main
activation input is provided by gt auto-regulation; Kr and Tll/Hkb
provide additional repressive contributions which are essential for
correct expression dynamics of its posterior expression domain;
Hb does not affect this CRE. The fact that early gt regulation by
maternal factors relies exclusively on domain-specific CREs with
differing binding site content resolves the apparent paradox of
mutually contradictory mechanisms for the anterior and the pos-
terior domains of gt. Auto-activating input through gt�1 only
contributes at later stages, when other gap proteins, such as Kr, are
already present and able to repress gt in the middle of the embryo.

4.1. Comparison to previous transcriptional models

Our work is complementary to a number of previous modelling-
based studies of transcriptional regulation in Drosophila. Many pub-
lished models aim at genome-wide predictions of gene expression
from sequence (He et al., 2010; Kazemian et al., 2010; Samee and
Sinha, 2014; Segal et al., 2008). Not unexpectedly, our focussed
approach provides more detailed and accurate mechanisms for gt
regulation than those proposed in these studies. To take a re-
presentative example, the model presented in Segal et al. (2008) re-
produces the position of gt expression domain boundaries only
roughly, and predicts regulatory mechanisms that contradict experi-
mental evidence—e.g. repression of gt CREs by Kni, or activation of the
anterior gt�1 domain through cooperative binding of Bcd to ex-
tremely weak binding sites. This lack of accuracy may be acceptable if
genome-wide prediction of expression from sequence is the primary
aim, but becomes a serious hindrance if we want to gain a mechan-
istic and precise understanding of the role of transcriptional regula-
tion in development and pattern formation.

Another important limitation of these more general studies is that
they do not consider time. Models are usually fit to many expression
patterns, but only to one time point. This also applies to a recent
quantitative study of the pair-rule gene eve (Kim et al., 2013). Al-
though our model is not explicitly dynamic, it is fit to data at 10
distinct time points covering a developmental period of about 90 min.
This provides a temporal resolution equivalent to that achieved in an
earlier study of the eve stripe 2 element (Janssens et al., 2006). Ne-
glecting dynamics increases the probability of modelling artefacts,
and causes important aspects of regulation—such as the anterior shift
of the posterior gt domain or differences between early versus late
regulation—to be missed by the analysis.

One important problem addressed by our study is the question
how CREs interact and complement each other to produce the
endogenous gt expression pattern. Other transcriptional models
have limited their focus on individual CREs (He et al., 2010; Jans-
sens et al., 2006; Kazemian et al., 2010; Segal et al., 2008), while a
number of recent studies have addressed the integration of mul-
tiple CREs (Ilsley et al., 2013; Kim et al., 2013; Samee and Sinha,
2014). However, none of the latter studies considers detailed ex-
pression dynamics. An exception to this is a recent dynamic model
of transcriptional regulation among gap genes (Kozlov et al., 2014).
While this model includes multiple gt CREs, it does not allow for
differential effects of transcription factors on different elements.
Accordingly, the model fails to reproduce early gt expression in the
anterior, probably due to excessive Hb repression in that region.

Finally, our modelling framework (Janssens et al., 2006; Kim
et al., 2013; Reinitz et al., 2003) differs from others—especially
those based on simple regression models (Ilsley et al., 2013; Ka-
zemian et al., 2010)—in that it allows us to directly investigate the
various molecular regulatory mechanisms responsible for driving
expression patterns. For instance, our results imply that neither Hb
co-activation nor Bcd cooperativity are required for gt regulation.
Binding cooperativity, in particular, had been postulated as an
important general mechanism of transcriptional regulation (see,
for example Lelli et al. (2012) and Segal et al. (2008)).

4.2. Auto-activation

Another interesting regulatory mechanism is auto-activation,
which is known to produce positive feedback for the refinement
and maintenance of gene expression (Ferrell, 2002). Experimen-
tally characterised examples of genes regulated by such positive
auto-feedback include Krox20 involved in vertebrate hindbrain
patterning (Bouchoucha et al., 2013; Chomette et al., 2006; Giu-
dicelli et al., 2001), pax3 required for dorso-ventral patterning of
the vertebrate neural tube (Moore et al., 2013), tinman (tin) active
during Drosophilamesoderm development (Xu et al., 1998), brinker
(brk) involved in Drosophila dorso-ventral patterning (Dunipace
et al., 2013), and eve, which has a late element that responds to
auto-activation in addition to its stripe-specific CREs (Fujioka et al.,
1995; Goto et al., 1989; Harding et al., 1989; Jiang et al., 1991). In
the case of Krox20, pax3, and tin, auto-activation locks the gene
into a stable state of gene expression after an initial phase of
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transient initiation. Such strong positive auto-feedback plays a role
in mediating robust cell fate decisions (Ferrell, 2002). In contrast,
the role of auto-activation is a bit more subtle for brk and eve: it is
much more transient, mediating a transition from early to late
stages of regulation, which temporarily boosts and refines the
dynamic expression patterns of these genes.

Here, we provide direct experimental evidence for gt auto-ac-
tivation. Now that the existence of hb auto-activation has been
called into doubt (Perry et al., 2012), gt is the only gap gene po-
sitively known to be self-regulating.

Our analysis suggests that auto-activation occurs pre-
dominantly through the late gt�1 element. The molecular me-
chanism by which Gt exerts its distinct effects on gt�1 and the
early, domain-specific CRE gt�3 remains unclear. The difference
does not lie in the presence or absence of suitable binding sites,
since both CREs contain a number of high-affinity Gt binding
motifs (see Supplementary Material Fig. S5) and ChIP-on-chip data
actually indicate Gt binding more strongly to gt�3 than to gt�1
(Supplementary Material Fig. S9). It is possible that Gt binds with a
co-factor to one but not the other CRE. This is how Hb co-activa-
tion is achieved for eve stripe 2 (Small et al., 1991). Similarly, the
transcription factor Snail (Sna) is converted from a repressor into
an activator in the vicinity of tll-like binding motifs (Rembold
et al., 2014). For this reason, we tested for enriched sequence
motifs nearby Gt sites in both gt�3 and gt�1. However, a candi-
date approach with binding motifs for 23 transcription factors
expressed in the early embryo—including the ubiquitous activator
Zelda (Zld) (Harrison et al., 2011; Liang et al., 2008; Nien et al.,
2011), Bcd, Cad, Hb, and Gt itself—did not reveal any obvious CRE-
specific differences. A more comprehensive search will be required
to investigate co-factor binding more systematically.

Taken together, our results imply that the role of gt auto-acti-
vation is similar to the positive regulatory feedback involved in the
regulation of brk and eve. It is relatively subtle and transient,
which may explain why it was never found in previous genetic or
molecular studies of gt. On the one hand, it provides a boost of
expression levels during the late blastoderm stage. As mentioned,
gt auto-activation is relatively weak and works in conjunction with
activation of gt by maternal factors. This makes sense if we con-
sider that gt expression disappears rapidly after gastrulation.
Stronger auto-activation would lock the gene into a stable positive
feedback, which could interfere with the transience of its ex-
pression (see above). On the other hand, gt auto-activation plays
an important role in regulating the transition between early and
late regulation of gt. In particular, it explains why the gt-1 CRE,
which is active in both domains, does not become expressed ear-
lier. Auto-regulation provides a natural delay mechanism for a late
CRE, since it requires the accumulation of a certain amount of
protein product to become significant (see also Bouchoucha et al.
(2013)). This leads to a gradual shift in regulatory contributions
from gt�3 to gt�1 over time as indicated by our models of the
combined gt�3/gt�1 CRE.

In all the examples of positive auto-regulatory feedback de-
scribed here we observe a transition between different stages of
gene regulation over time. Early regulatory mechanisms are re-
sponsive to upstream factors and signals to initiate gene expres-
sion. Later elements rely—to a variable degree—on auto-activation
for refinement and maintenance of gene expression. This suggests
that temporal regulation and coordination between the activities
of different CREs may be a general function of auto-activation in
transcriptional regulation.
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