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Abstract
Background: A complex network of gene interactions controls gene regulation throughout development and the
life of the organisms. Insights can be made into these processes by studying the functional interactions (or “motifs”)
which make up these networks.
Results: We sought to understand the functionality of one of these network motifs, negative feedback, in a multicellular system. This was accomplished using a synthetic network expressed in the Drosophila melanogaster embryo
using the yeast proteins Gal4 (a transcriptional activator) and Gal80 (an inhibitor of Gal4 activity). This network is
able to produce an attenuation or shuttling phenotype depending on the Gal80/Gal4 ratio. This shuttling behavior
was validated by expressing Gal3, which inhibits Gal80, to produce a localized increase in free Gal4 and therefore
signaling. Mathematical modeling was used to demonstrate the capacity for negative feedback to produce these
varying outputs.
Conclusions: The capacity of a network motif to exhibit different phenotypes due to minor changes to the
network in multi-cellular systems was shown. This work demonstrates the importance of studying network motifs in
multi-cellular systems.
Keywords: Negative feedback, Canalization, Shuttling, Synthetic gene networks

Background
Regulation of gene expression through genetic interactions, interconnected into complex networks, is crucial
to the fitness of all organisms. These genetic regulatory
networks are composed of several over-represented sets
of interactions, called “motifs”, which are individually
amenable to study [1, 2]. Many such studies are currently being conducted using synthetic gene network
motifs in single-cell systems [3–9]. Such systems are
highly advantageous from a practical point of view and
often shed light on the dynamic behavior of network motifs. However, this research is unable to address the question of how these networks translate into inherently
multi-cellular systems such as tissue patterning, stem-cell
differentiation, cancer, and wound healing systems, each
of which has a spatial component. This study seeks to
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address how a negative feedback motif behaves in space in
the developing Drosophila melanogaster embryo.
Negative feedback loops in biology can result in a rich
diversity of phenomenological behavior (reviewed in
[10]). Under some conditions, negative feedback can
destabilize the output of a system and create oscillations
[4, 11, 12]. Under other conditions, it may instead serve
to stabilize the system against perturbations in the input
signal. Negative feedback acts in this manner to control
tumor suppression genes in mice as well as pluripotency
and self-renewal in embryonic stem cells [13, 14]. In a
spatially-distributed system, the negative feedback that
occurs when a morphogen activates its own inhibitor
(the “self-enhanced ligand degradation” paradigm) may
add robustness to downstream gene expression patterns
[15–18]. Negative feedback can also be used to limit the
range or length scale of a signal. This is occurs in the
JAK/STAT pathway in vertebrates [19].
Here we create a spatially distributed synthetic gene
network in the early Drosophila embryo. We use the bcd
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3’ UTR to express the yeast activator Gal4 in an
anterior-posterior gradient [20–26]. To create a negative
feedback motif, we engineered a gal80 construct to contain three or five UAS sites (Upstream Activating Sequences), which are activated by Gal4 [27–29]. Gal80
binds to Gal4, preventing transcription of UAS-linked
genes [30, 31].
We found that, depending on the amount of gal4 and
gal80 present in the embryo, this negative feedback system can exhibit either an attenuation or a shuttling
phenotype, in which Gal4/Gal80 binding and diffusion
can extend the spatial range of Gal4 signaling [32–34].
Both mathematical modeling, as well as expression of
the Gal80-binder Gal3, validate our findings [35]. This
work demonstrates how in spatial systems, gene networks can produce very different outputs depending on
the relative spatial domains of inputs.

Results
Gal4-driven lacZ expression has a graded border

A negative feedback network was created consisting of
gal4, gal80, and lacZ (see Fig. 1d). We used a
previously-published Gal4 construct (Gal4-GCN4:Bcd
3’UTR [23] that mimics the Bicoid anterior-posterior
concentration gradient. Additionally, Gal80 should interact the same with the Gal4-GCN4 construct as with fulllength Gal4 [30, 31, 36]. For baseline measurements, we
first imaged embryos containing only Gal4 (four copies
of this construct) and UAS-lacZ (no UAS-gal80).
In these embryos, the synthetic gradient in Gal4 activates the expression of the UAS-lacZ construct in a
spatially-dependent fashion. Using fluorescent in situ
hybridization, together with image analysis protocols
(see Methods) we were able to quantify the expression
domain of lacZ (Fig. 1e and Additional file 1: Figure S1).
We found that the expression boundary of lacZ,
resulting from the Gal4 gradient, is not sharp, in contrast to previous work using this Gal4 construct [37].
This difference may be due to the differences between in
situ hybridization procedures using alkaline-phosphatase
staining versus fluorescent detection.
Gal80 expression attenuates lacZ expression

Next, to measure the effect of the negative feedback
loop, we analyzed embryos containing all three constructs: gal4 (four copies of the gal4-bcd 3’UTR), UASlacZ, as well as UAS-gal80 (one copy). We tested two
different promoter strengths for gal80: three or five UAS
sites were used. The expression profile for lacZ with and
without gal80 was analyzed to determine the effect of
Gal80 mediated negative feedback on lacZ production
due to Gal4. We found that the expression pattern of
lacZ is qualitatively unchanged (Fig. 1f ). Furthermore,
gal80 expression is similar to that of lacZ.
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To determine the extent to which gal80 affects the
lacZ profile, we first compared the normalized intensity
of lacZ at each point along the anterior-posterior (AP)
axis when there is no gal80 present (control) to when
there is gal80 present (in either the three or five UAS
site scenario) (Fig. 1g). There was no statistically significant difference between the normalized intensity of lacZ
without gal80 and with gal80 linked to three UAS sites
along the entire AP axis. However, there is a difference
(p-value < 0.05) between the profiles for lacZ without
gal80 and with gal80 linked to five UAS sites from 21 to
38 % embryo length and from 41 to 44 % embryo length;
with the maximum difference at 29 % embryo length
(Fig. 1g, see Additional file 2).
To compare the curves using a single summary statistic, we evaluated the AP position, xL, at which the lacZ
profile fell to 27 % maximal intensity. This level was
chosen because it corresponds to the normalized intensity of the lacZ profile with no gal80 at 29 % embryo
length. As we found previously, with only 3 UAS sites
driving gal80 expression, no statistically significant effect
on the lacZ profile was observed, as compared to the
system without gal80 (Fig. 1h).
From this analysis we are able to characterize the
nature of the shift in lacZ when UASx5:gal80 is
present in the system. In this case, attenuation is observed and lacZ expression was shifted toward the anterior pole (x = 0.262 ± 0.045 with UASx5:gal80 vs. x = 0.291
± 0.071 with no gal80, p = 0.038) (Fig. 1h, see Additional
file 2). At the same time a decrease in the standard deviation was observed (F-test for variance, p = 0.002). These
two observations are indicative of negative feedback and
demonstrate the ability of a simple negative feedback loop
to reproducibly give rise to gene expression in a given
spatial domain by buffering against minor biological and
environmental fluctuations.
Increasing abundance of Gal80 creates a shuttling system

In order to increase the strength of negative feedback
through Gal80 we altered the copy number of gal4 and
gal80 transgenes in this system. We considered the possibility that only weak negative feedback was seen due to
a limited amount of Gal80 protein. Therefore, we tested
whether increasing the amount of Gal80 relative to Gal4
would result in a greater effect of Gal80 and enhanced
control due to negative feedback on the system. We analyzed the lacZ profiles in embryos carrying two copies of
gal4-bcd 3’UTR (half the number of copies of gal4 as
used previously) and either one or two copies of UASgal80 (previously only one copy of UAS-gal80 was used).
We assume that two copies of the gal80 transgene results in double the potential Gal80 protein synthesis
rate. However, we do not assume that two copies of the
gal4 transgene results in one-half the amount of Gal4
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Fig. 1 Effect of Gal80 on lacZ expression in attenuation situation. a lacZ mRNA expression at the mid-saggittal plane in an embryo expressing UASx5:gal80, from mothers with four copies of Gal4GCN4. b gal80 mRNA expression in the same embryo as (a). c Merged image of expression in (a) and (b).
d Network diagram, Gal4 activated gal80 and lacZ expression. Gal80 binds to Gal4, repressing gal80 and lacZ activation. e Quantification of lacZ mRNA
expression in embryos without gal80 along anterior-posterior axis (given as fraction of embryo length), each colored curve represents the dorsal or
ventral side of a single embryo. The average for all embryos is in black. f Average curves for lacZ expression in embryos without gal80 (n = 35), with
UASx3:gal80 (n = 36), and UASx5:gal80 (n = 51). Individual curves for each embryo are shown in Additional file 1: Figure S1. g Difference, calculated as
the log10(p) – where p is the probability as calculated by a two-sample t-test, between the normalized intensity of lacZ without gal80 versus with
UASx5:gal80 or UASx3:gal80 at a given position along the anterior-posterior axis, dashed line denotes p = 0.05. Inset shows subset of plot in (f) with
arrows drawn to demonstrate how the t-test is conducted at each position along AP coordinate between the applicable normalized intensity of lacZ
with gal80 and the control curve without gal80. h Box plots of AP coordinate where normalized intensity is 0.27 (see dashed lines in [f], maximum
difference between no gal80 control and UASx5:gal80 [g]). Asterisk denote statistical significance (p < 0.05)

protein loaded into the embryo, due to the gal4 transgene existing at two separate genomic loci.
As before, the UAS-gal80 construct contained either
three or five UAS sites. To quantify the differences between these curves, we determined the point along the
AP axis at which each curve passes 31 % maximal

intensity (Fig. 2a). This corresponds to the normalized
intensity of the lacZ profile in embryos without Gal80 at
26 % embryo length, or the position along the AP axis
with the maximum difference between embryos without
Gal80 and with two copies of UASx5:gal80. At a moderate Gal80 to Gal4 ratio (two copies of gal4 and one of
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Fig. 2 Gal80 is able to create a shuttling system. a Average curves of lacZ mRNA expression at the mid-saggittal plane in embryos with no gal80
(n = 27), two copies of UASx5:gal80 (n = 36), two copies of UASx3:gal80 (n = 13), or one copy of UASx5:gal80 (n = 22), from mothers with two copies
of Gal4GCN4. Individual curves for each embryo are shown with the average in Additional file 1: Figure S2. b Box plots of AP coordinate where
normalized intensity is 0.31 (see dashed lines in [a], maximum difference between no gal80 control and two copies of UASx5:gal80 [c]). Asterisk
denotes statistical significance (p < 0.005). c Difference between normalized intensity of lacZ without gal80 versus with varying amounts of gal80,
dashed line denotes p = 0.05

gal80), there was no discernible change in the lacZ profile as compared to the no-Gal80 control (Fig. 2). However, at the highest Gal80 to Gal4 ratio, the lacZ profile
shifted away from the anterior pole (x = 0.321 ± 0.073 vs.
x = 0.265 ± 0.046 with no gal80, p = 5 × 10−4), contrary to
expectation (see Fig. 2b, see Additional file 2).
One phenomenon that could be responsible for expansion of the lacZ profile is facilitated diffusion or
“shuttling” [32–34]). This “shuttling” would occur if
Gal80 binding to Gal4 increases the effective diffusion
of Gal4. This can occur if the Gal4/Gal80 complex
exists preferentially unbound to the DNA as compared to Gal4, which would result if Gal80 destabilizes Gal4-DNA binding. The existence of this
shuttling phenomenon was validated in a number of
ways: using a model to demonstrate it is biophysically
possible to switch between attenuation and shuttling
in our system (Fig. 3a), adding a molecule to breakup this Gal4/Gal80 complex and create an effective
sink for Gal4 (Figs. 3b and 4a), and showing that
shuttling is required to observe this increase in signaling when using this molecule to break-up the
Gal4/Gal80 complex (Fig. 3d).

A model of Gal4/Gal80 interactions predicts both
attenuation and shuttling regimes

One question that arises is whether it would be biophysically possible to have a system in which Gal80 attenuates the signaling range of Gal4 at low Gal80:Gal4 ratios,
but extends the signaling range of Gal4 at high Gal80:Gal4 ratios. To answer this question, we built a mechanistic model of Gal4/Gal80 interactions. To simplify this
model, we consider a lumped model for cytoplasmic, nuclear, and DNA-bound Gal4 and Gal4/Gal80 complex,
and similarly lump cytoplasmic and nuclear Gal80. The
effect of Gal80 binding to Gal4 has on the interaction
between Gal4 and the DNA is accounted for in the
diffusion term for Gal4. These equations are shown
below.
0 ¼ λ2g g xx −g−μðgr−νcÞ
0 ¼ λ2r r xx −r−βμðgr−νcÞ þ qr f r ðg Þ
0 ¼ λ2c cxx −ρc c þ μðgr−νcÞ
In these equations, g represents the concentration of
Gal4, r the concentration of the repressor Gal80, and c the
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Fig. 3 A mechanistic model of Gal4/Gal80/Gal3 interactions supports our hypothesis. a The model, when simultaneously fit to both the
attenuation (i) and shuttling (ii) data, is able to adequately satisfy both scenarios. The same parameter sets were used in both (i) and (ii), with the
only difference being that the levels of Gal4 and Gal80 are altered. The experimentally determined expression of lacZ due to Gal4 without Gal80
is shown in yellow (ctrl data), the simulation fit to these data is shown in cyan (ctrl sim). The expression of lacZ after the addition of Gal80 found
through experiments is shown in magenta (target data), the simulation fits to these data are shown in black (target sim). b When Gal3 is added
to the system, the model exhibits a similar phenotype as experimentally observed when the model is optimized for both attenuation and
shuttling. The parameter sets here are the same as shown in (a). c When the model is fit only to the attenuation phenotype, the attenuation fit is
better (i), but shuttling does not occur (ii). d With parameter sets that resulted from an attenuation-only optimization, as seen in (c), the presence
of Gal3 does not result in a local increase in lacZ expression. The parameter sets here are the same as shown in (c)

Gal4/Gal80 complex. At steady state, each component diffuses, is degraded, and participates in a reversible binding
reaction with forward rate μ and affinity v. Gal80 is produced by nuclei in which Gal4 signaling, represented by the
function fr(g) (see Methods), is sufficiently high. We assume
no-flux boundary conditions for all species at both x = 0
(anterior pole) and x = 1 (posterior pole), except for a constant flux production of g at x = 0 (see Additional file 1).
The constant flux production of Gal4 at the anterior
pole is denoted by the parameter qg, which equals 1 for
four copies of Gal4, and q2x for two copies. As mentioned above, because the copies of gal4 are at two different sites within the genome, we could not be sure
that two copies of gal4 resulted in one half the production of Gal4 protein as compared to four copies of gal4.
Therefore, we investigated the behavior of the model for
q2x between 0.35 and 0.65. We found that the model
was better able to fit our data for lower values of q2x, so
all results displayed are for q2x = 0.35.
To fit our model to the experimental data, we first examined the case with no gal80 (qr = 0). We fit this version of the model to our data with no gal80 (ctrl data;
yellow curves in Fig. 3) and found adequate fits in both
the attenuation case with Gal4x4 (qg = 1; cyan curve in

Fig. 3a(i)) and the shuttling case with Gal4x2 (qg = q2x;
cyan curve in Fig. 3a(ii)).
Next, we fit our model to the data from embryos carrying gal80 (target data; magenta curves in Fig. 3). We
performed this fit simultaneously (see Additional file 1)
under two conditions: with qr = 1 and qg = 1 (for four
copies of gal4 and one copy of gal80; Fig. 3a(i)) and qr =
2, qg = q2x (for two copies of gal80 and two copies of
gal4; Fig. 3a(ii)). We found the model was able to adequately reproduce both an attenuated lacZ profile in
the Gal4x4/Gal80x1 scenario (target sim; family of black
curves in Fig. 3a(i)), as well as an expanded lacZ profile
in the Gal4x2/Gal80x2 scenario (target sim; family of
black curves in Fig. 3a(ii)). This supports the plausibility
of the hypothesis that the system performs attenuation
for one dosage ratio and shuttling for another.
Expression of Gal3 in a stripe results in a peak of lacZ
expression

One prediction of the shuttling hypothesis is that forcing
the local degradation or capture of the inhibitor (Gal80)
should result in a similarly localized peak in signaling activity. Therefore, we introduced the yeast protein Gal3
into the Gal4/Gal80 system. Gal3 binds to Gal80 and
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Fig. 4 Localized Gal3 creates a peak in lacZ. a Average curves of lacZ expression in embryos without gal80 (n = 27) and with two copies of
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prevents the formation of the Gal4/Gal80 complex,
thereby allowing Gal4 to activate UAS-linked genes
[35, 38, 39].
Two different enhancer regions were used to create
stripes of Gal3 (Fig. 4), namely gt23 [40] and evestr2
[41]. As predicted by the shuttling hypothesis, the expression of Gal3 in these domains causes a local increase
in lacZ production (Fig. 4). This perturbation also causes
a rapid decrease in lacZ expression anterior to the gal3
expression domain. This is likely due to the increase in
concentration of free Gal4 within the gal3 domain at the
expense of Gal4 outside of this domain.
To control for the possibility that Gal3 expression is
causing UAS-lacZ transcription without Gal80, we examined embryos that carried two copies of Gal4 and
Gal3, but lacked Gal80. Surprisingly, a small increase in
lacZ expression near the site of Gal3 expression was also
observed when no Gal80 was present in the system
(Fig. 4c). While the yeast literature does not suggest that
Gal3 interacts with Gal4, this increase in lacZ expression
(Fig. 4b, c) may be due to some previously unknown

interaction with Gal4. However, Gal3 has a more significant localization effect when Gal80 is in the system,
supporting our hypothesis that Gal80 shuttles Gal4
(see Additional file 1: Figure S3).
To confirm that increased lacZ expression in the Gal3
domains is explained only by the shuttling phenomenon,
we extended our model to include the presence of Gal3
(see Additional file 1). When the model is optimized to
simultaneously fit both the attenuation and shuttling regimes (described in the previous section and depicted in
Fig. 3a), local Gal3 expression can result in a corresponding local increase in lacZ expression (families of
black and blue curves in Fig. 3b). Note that, in addition
to an increase in lacZ output in the gal3 domain, the
better-fit curves (blue) also fit a secondary detail of our
experimental data: a more rapid decrease in lacZ anterior to the gal3 domain. These results show that a model
in which Gal80 shuttles Gal4 is consistent with our
Gal3-induced lacZ data.
Next, we asked whether the shuttling phenomenon is
required by our model to fit the Gal3-induced lacZ data.

Jermusyk et al. BMC Systems Biology (2016) 10:85

To answer this question, we fit the Gal4/Gal80 model to
only the Gal4x4/Gal80x1 scenario (attenuation; Fig. 3c(i)).
This corresponds to setting the parameter x = 0 (explained
in Additional file 1). Note that, with these parameter
choices that are optimized only for attenuation, and not
for shuttling, our shuttling target simulation curves (family of black cuves in Fig. 3c(ii)) do not match the target
data (magenta curve in Fig. 3c(ii)). In this case, the presence of Gal3 does not alter the lacZ expression profile
(Fig. 3d). This shows that the shuttling phenomenon is
not only sufficient (as described in the previous paragraph), but also necessary in order to match the phenotype observed in our experiments. Taken together, our
Gal3 experimental results unambiguously support the
presence of shuttling within our system.

Discussion
A synthetic negative feedback network consisting of
gal4, gal80, and lacZ was expressed in the Drosophila
embryo. This experimental system was able to produce
weak negative feedback, marked by attenuation, the
shifting of expression of lacZ toward the source of activation (anterior pole) and a lowered variability. When
the copy numbers of gal4 and gal80 were altered, a shuttling system was created at a high Gal80 to Gal4 ratio.
In this shuttling system, the lacZ profile expands toward
the posterior pole, away from the source of activation.
Shuttling has been found in other systems, and in some
cases produces robust gradients from an initial broad
morphogen signal [32–34]. Shuttling requires a diffusible
morphogen and a shuttling molecule that forms a complex with, and thereby extends the spatial range of, the
morphogen. In this case the shuttling molecule, Gal80, is
activated by the morphogen, Gal4. A third molecule can
be used which breaks up the shuttling molecule/morphogen complex, releasing the active morphogen. We were
able to introduce Gal3, which results in an increase in
lacZ expression at the source of Gal3. This is caused by
the freeing of Gal4 from the Gal4/Gal80 complex. This
provides further evidence for our shuttling system.
Previous studies have found evidence for morphogen
gradients which enhance their own degradation, this
form of negative feedback is known as self-enhanced ligand degradation. In this system morphogens degrade at
a fast rate where their levels are highest and at a slower
rate farther from its source, increasing the signaling
range for the morphogen. This has been found in Wingless and Hedgehog patterning in the Drosophila wing,
BMP signaling and DV axis specification in the zebrafish
and Xenopus embryos, Wnt and EGFR signaling systems
in mammalian cells and Drosophila embryos, and retinoic acid signaling in zebrafish [15, 18, 42–46].
Parallels from these systems can be drawn to our
synthetic system. From our synthetic system we can
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understand in isolation the mechanisms at work in
these systems better. Namely, how the simple negative
feedback system is able to achieve both an attenuation and a shuttling system depending on the relative concentrations of components in the pathway.
Further quantitative studies of this system (such as
measurements of Gal4/Gal80 protein ratios, Gal4 and
Gal80 diffusivities, and protein/mRNA spatiotemporal
dynamics) would help uncover the precise mechanism
for switching between an attenuation regime and a
shuttling regime.

Conclusions
While shutting has only recently been proposed to explain the ability of certain morphogen gradients to be
defined and achieve robust patterns, comparisons to
other systems suggest that shuttling may exist in other
negative feedback systems [33]. Most importantly this
work demonstrated a negative feedback system that is
able to produce two very different outputs depending on
the spatial domains of expression and relative amounts
of these genes. This shows the complexity of gene networks in tissue patterning and other multi-cellular systems. While much previous work has been carried out
to understand synthetic gene networks in single-celled
systems, much care must be taken to extrapolate these
findings into multi-cellular systems.
Methods
Plasmids

All plasmids were constructed from the pUAST parent
plasmid (gift from J. Mahaffey). The UASx5:gal80 was
created by inserting gal80 (PCR amplified from genomic
DNA of flies containing gal80) into the pUAST digested
with NotI and XbaI. The UASx3 construct was obtained
by inserting the UAS sequence (TGCGGAGTACT
GTCCTCCGAG) into pBlueScript II SK (+) (from
Addgene) flanked by SalI and XhoI restriction sites. Subseqent multimerization was performed using restriction
digest with SalI/NotI and XhoI/NotI and subsequent
ligation. The final UASx3:gal80 plasmid was created by
insertion of UASx3 (PCR amplified from UASx3 in
pBlueScript), hsp70 (PCR amplified from pUAST), and
gal80 into pUAST parent plasmid. The gal3 constructs
were made by inserting the eve minimal promoter (PCR
amplifed from genomic DNA), gal3 (PCR amplified from
yeast genomic DNA), and either evestr2 (PCR amplified
from genomic Drosophila DNA using primers AGATACATaagcttGCCATCAGCGAGATTATTAGTCAA and A
GACTCAGctgcagAGGGCTAAGTCGGCGCAAA) or gt
23 (PCR amplified using primers AGATCATaagcttGGGAATTCGGCGACTTGGATCGTGAG and ATGACACActgcagAAAACTGCAGCTGCCCTGCCCTGCTCTG
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from genomic Drosophila DNA) enhancer regions into
the UASx3:gal80 plasmid.
Fly stocks

The w-;Gal4-GCN4:Bcd 3’UTR;Gal4-GCN4:Bcd 3’UTR
flies were a gift from Dr. Dostatni [23]. The UASp:lacZ
flies used in this study were obtained from Bloomington
Stock Center (BS 3955). The UASx3:gal80 and UASx5:gal80 fly lines were created by injection and incorporation of plasmid constructs into the 68A4 landing site
(injections performed by Model System Injections into
yw;attP2 flies). The gal3 constructs were incorporated
into the 65B2 landing site by fly injection (injections performed by Model System Injections into yw;VK33 flies).
Embryo staining and image collection and analysis

Embryos were fixed 2–4 h after egg laying per standard
protocols. Fluorescent in situ hybridization was conducted
per published protocols [47] (Proteinase K treatment was
omitted) using RNA probes for lacZ (biotin conjugated),
gal80 (flourescein conjugated), and gal3 (digoxigenin conjugated). Primary antibodies to biotin (goat anti-biotin,
1:5000; gift from Immunoreagents), flourescein (rabbit
anti-fluorescein, 1:500; ThermoFisher Scientific), and
digoxigenin (mouse anti-digoxigenin, 1:500; Roche). Secondary antibodies used were Alexa Flour 488 donkey antirabbit (ThermoFisher Scientific), Alexa Flour 546 donkey
anti-goat (ThermoFisher Scientific), and Alexa Flour 488
donkey anti-mouse (ThermoFisher Scientific).
Images were taken at the mid-saggittal plane (determined optically) using a Zeiss Confocal microscope.
The images were analyzed using a modified version of
the method described in [48]. The code was altered to
fit the mid-saggittal section of the embryo to an ellipse
using elipse_fit.m (written by Tal Henel, available from
Matlab Central) using the two foci of the ellipse, the embryo was broken up into two half circles (at the anterior
and posterior poles) and a rectangle bridging the two
circles. The flourescence intensity around the periphery
of the embryo was determined in each section (code
available). See Additional file 1 for more details.
Once the images were analyzed, the raw curves were first
averaged together to produce a “canonical” profile (see
[48]). The canonical profile was then used as a template to
align the single-embryo curves, minimizing the difference
among the curves. The aligned curves were then averaged
to create the profiles to which the model was fit.

Additional files
Additional file 1: Supplemental figures and model equations.
(DOCX 12250 kb)
Additional file 2: lacZ expression data. Experimental data of normalized
lacZ expression with different levels of Gal4 and Gal80. (XLS 102 kb)

Page 8 of 9

Acknowledgements
We would like to thank Dr. Dostatni and Dr. Mahaffey for flies and plasmids.
Funding
AAJ was partially supported by National Science Foundation (NSF) grant
MCB-1413044. GTR was partially supported by the NSF grants CBET-1254344
and MCB-1413044.
Availability of data and materials
All Matlab files used for the model and data analysis are available from:
http://www.che.ncsu.edu/reeves/matlabfiles.html. All image files will be
available from http://datadryad.org/. All data used to generate the figures are
in Additional file 2.
Authors’ contributions
AAJ and GTR designed the research. AAJ and NPM performed experiments
and analyzed the data. AAJ and GTR performed modeling studies. AAJ and
GTR wrote the paper. All authors’ read and approved the final manuscript.
Authors’ information
Not applicable.
Competing interests
The authors declare they have no competing interests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
Not applicable.
Author details
1
Department of Chemical and Biomolecular Engineering, North Carolina
State University, Raleigh, NC 27606, USA. 2Department of Chemical
Engineering, University of Virginia, 102 Engineers’ Way, Charlottesville, USA.
Received: 22 June 2016 Accepted: 20 August 2016

References
1. Shen-Orr SS, Milo R, Mangan S, Alon U. Network motifs in the transcriptional
regulation network of Escherichia coli. Nat Genet. 2002;31(1):64–8.
2. Milo R, Shen-Orr S, Itzkovitz S, Kashtan N, Chklovskii D, Alon U. Network
motifs: simple building blocks of complex networks. Science. 2002;
298(5594):824–7.
3. Basu S, Mehreja R, Thiberge S, Chen M, Weiss R. Spatiotemporal control of
gene expression with pulse-generating networks. Proc Natl Acad Sci U S A.
2004;101(17):6355–60.
4. Elowitz MB, Leibler S. A synthetic oscillatory network of transcriptional
regulators. Nature. 2000;403(6767):335–8.
5. Friedland AE, Lu TK, Wang X, Shi D, Church G, Collins JJ. Synthetic gene
networks that count. Science. 2009;324(5931):1199–202.
6. Gardner T, Cantor C, Collins J. Construction of a genetic toggle switch in
Escherichia coli. Nature. 2000;403(6767):339–42.
7. Mitarai N, Jensen MH, Semsey S. Coupled positive and negative
feedbacks produce diverse gene expression patterns in colonies. mBio.
2015;6(2):e00059–15.
8. Payne S, Li B, Cao Y, Schaeffer D, Ryser MD, You L. Temporal control of selforganized pattern formation without morphogen gradients in bacteria. Mol
Syst Biol. 2013;9:UNSP 697.
9. Schaerli Y, Munteanu A, Gili M, Cotterell J, Sharpe J, Isalan M. A unified design
space of synthetic stripe-forming networks. Nat Commun. 2014;5:4905.
10. Jermusyk AA, Reeves GT. Transcription factor networks. Encyclopedia Cell
Biol. 2016;4:63–71.
11. Hoffmann A, Levchenko A, Scott ML, Baltimore D. The IkappaB-NF-kappaB
signaling module: temporal control and selective gene activation. Science.
2002;298(5596):1241–5.
12. Holley S, Julich D, Rauch G, Geisler R, Nusslein-Volhard C. Her1 and the
Notch pathway function within the oscillator mechanism that regulates
zebrafish somitogenesis. Development. 2002;129(5):1175–83.

Jermusyk et al. BMC Systems Biology (2016) 10:85

13. Oren M. Regulation of the p53 tumor suppressor protein. J Biol Chem. 1999;
274(51):36031–4.
14. Pan G, Li J, Zhou Y, Zheng H, Pei D. A negative feedback loop of
transcription factors that controls stem cell pluripotency and self-renewal.
FASEB J. 2006;20(10):1730−+.
15. Eldar A, Rosin D, Shilo B, Barkai N. Self-Enhanced ligand degradation
underlies robustness of morphogen gradients. Dev Cell. 2003;5:635–46.
16. Lander AD. Morpheus unbound: reimagining the morphogen gradient. Cell.
2007;128(2):245–56.
17. Lander AD, Lo W, Nie Q, Wan FYM. The measure of success: constraints,
objectives, and tradeoffs in morphogen-mediated patterning. Cold Spring
Harbor Perspect Biol. 2009;1(1):a002022.
18. Reeves GT, Kalifa R, Klein DE, Lemmon MA, Shvartsman SY. Computational
analysis of EGFR inhibition by Argos. Dev Biol. 2005;284:523–35.
19. Rawlings J, Rosler K, Harrison D. The JAK/STAT signaling pathway. J Cell Sci.
2004;117(8):1281–3.
20. Driever W, Nusslein-Volhard C. The Bicoid protein determines position in
the Drosophila embryo in a concentration-dependent manner. Cell. 1988;
54(1):95–104.
21. Frigerio G, Burri M, Bopp D, Baumgartner S, Noll M. Structure of the
segmentation gene paired and the Drosophila PRD gene set as part of a
gene network. Cell. 1986;47(5):735–46.
22. Huang AM, Rusch J, Levine M. An anteroposterior Dorsal gradient in the
Drosophila embryo. Genes Dev. 1997;11(15):1963–73.
23. Janody F, Sturny R, Schaeffer V, Azou Y, Dostatni N. Two distinct domains of
Bicoid mediate its transcriptional downregulation by the Torso pathway.
Development. 2001;128(12):2281–90.
24. Macdonald PM, Struhl G. cis-acting sequences responsible for anterior
localization of bicoid mRNA in Drosophila embryos. Nature. 1988;
336(6199):595–8.
25. Spirov A, Fahmy K, Schneider M, Frei E, Noll M, Baumgartner S. Formation of
the bicoid morphogen gradient: an mRNA gradient dictates the protein
gradient. Development. 2009;136(4):605–14.
26. Weil TT, Forrest KM, Gavis ER. Localization of bicoid mRNA in late oocytes is
maintained by continual active transport. Dev Cell. 2006;11(2):251–62.
27. Elliott DA, Brand AH. The GAL4 system : a versatile system for the
expression of genes. Methods Mol Biol. 2008;420:79–95.
28. Giniger E, Ptashne M. Cooperative DNA binding of the yeast transcriptional
activator GAL4. Proc Natl Acad Sci U S A. 1988;85(2):382–6.
29. Lohr D, Venkov P, Zlatanova J. Transcriptional regulation in the yeast GAL
gene family: a complex genetic network. FASEB J. 1995;9(9):777–87.
30. Carrozza M, John S, Sil A, Hopper J, Workman J. Gal80 confers specificity on
HAT complex interactions with activators. J Biol Chem. 2002;277(27):24648–52.
31. Lue N, Chasman D, Buchman A, Kornberg R. Interaction of Gal4 and Gal80
gene regulatory proteins in vitro. Mol Cell Biol. 1987;7(10):3446–51.
32. Eldar A, Dorfman R, Weiss D, Shilo HAB, Barkai N. Robustness of the BMP
morphogen gradient in Drosophila embryonic patterning. Nature. 2002;419:304–8.
33. Haskel-Ittah M, Ben-Zvi D, Branski-Arieli M, Schejter ED, Shilo B, Barkai N.
Self-organized shuttling: generating sharp dorsoventral polarity in the early
Drosophila embryo. Cell. 2012;150(5):1016–28.
34. Mizutani CM, Nie Q, Wan FYM, Zhang Y, Vilmos P, Sousa-Neves R, Bier E,
Marsh JL, Lander AD. Formation of the BMP activity gradient in the
Drosophila embryo. Dev Cell. 2005;8(6):915–24.
35. Egriboz O, Goswami S, Tao X, Dotts K, Schaeffer C, Pilauri V, Hopper JE.
Self-association of the Gal4 inhibitor protein Gal80 is impaired by Gal3:
evidence for a new mechanism in the GAL gene switch. Mol Cell Biol.
2013;33(18):3667–74.
36. Johnston M. A model fungal gene regulatory mechanism: the GAL genes of
Saccharomyces cerevisiae. Microbiol Rev. 1987;51(4):458–76.
37. Crauk O, Dostatni N. Bicoid determines sharp and precise target gene
expression on the Drosophila embryo. Curr Biol. 2005;15(21):1888–98.
38. Platt A, Reece R. The yeast galactose genetic switch is mediated
by the formation of a Gal4p-Gal80p-Gal3p complex. EMBO J.
1998;17(14):4086–91.
39. Smidtas S, Schachter V, Kepes F. The adaptive filter of the yeast galactose
pathway. J Theor Biol. 2006;242(2):372–81.
40. Ochoa-Espinosa A, Yucel G, Kaplan L, Pura APN, Oberstein A, Papatsenko D,
Small S. The role of binding site cluster strength in Bicoid-dependent
patterning in Drosophila. Proc Natl Acad Sci U S A. 2005;102(14):4960–5.
41. Small S, Blair A, Levine M. Regulation of even-skipped stripe 2 in the
Drosophila embryo. EMBO J. 1992;11(11):4047–57.

Page 9 of 9

42. Katoh M, Yazaki Y, Sugimura T, Terada M. c-erbB3 gene encodes secreted as
well as transmembrane receptor tyrosine kinase. Biochem Biophys Res
Commun. 1993;192(3):1189–97.
43. Niida A, Hiroko T, Kasai M, Furukawa Y, Nakamura Y, Suzuki Y, Sugano S,
Akiyama T. DKK1, a negative regulator of Wnt signaling, is a target of the
beta-catenin/TCF pathway. Oncogene. 2004;23(52):8520–6.
44. Reversade B, Robertis EMD. Regulation of ADMP and BMP2/4/7 at
opposite embryonic poles generates a self-regulating morphogenetic
field. Cell. 2005;123(6):1147–60.
45. White RJ, Nie Q, Lander AD, Schilling TF. Complex regulation of cyp26a1
creates a robust retinoic acid gradient in the zebrafish embryo. PLoS Biol.
2007;5(11):e304.
46. Yabe T, Shimizu T, Muraoka O, YK B, Hirata T, Nojima H, Kawakami A, Hirano
T, Hibi M. Ogon/Secreted Frizzled functions as a negative feedback
regulator of Bmp signaling. Development. 2003;130(12):2705–16.
47. Kosman D, Mizutani CM, Lemons D, Cox WG, McGinnis W, Bier E. Multiplex
detection of RNA expression in Drosophila embryos. Science. 2004;
305(5685):846.
48. Trisnadi N, Altinok A, Stathopoulos A, Reeves GT. Image analysis and
empirical modeling of gene and protein expression. Methods. 2013;
62(1):68–78.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

