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Summary
Quantitative information about the distribution of
morphogens is crucial for understanding their effects
on cell-fate determination, yet it is difficult to obtain
through direct measurements. We have developed
a parameter estimation approach for quantifying the
spatial distribution of Gurken, a TGFa-like EGFR
ligand that acts as a morphogen in Drosophila oogenesis. Modeling of Gurken/EGFR system shows that the
shape of the Gurken gradient is controlled by a single
dimensionless parameter, the Thiele modulus, which
reflects the relative importance of ligand diffusion
and degradation. By combining the model with genetic
alterations of EGFR levels, we have estimated the value
of the Thiele modulus in the wild-type egg chamber.
This provides a direct characterization of the shape
of the Gurken gradient and demonstrates how parameter estimation techniques can be used to quantify
morphogen gradients in development.

Introduction
Quantitative information about the spatial distribution
of morphogens is essential for understanding how they
induce cell fates in development (Gurdon and Bourillot,
2001; Martinez-Arias and Stewart, 2002). Molecular
studies of development have discovered a large number
of biochemical and cellular mechanisms that control the
spatial range of diffusible ligands (Gonzalez-Gaitan,
2003; Tabata and Takei, 2004; Zhu and Scott, 2004).
However, direct visualization of morphogen gradients
is still in its early stages, largely due to the experimental
difficulties associated with detecting extracellular diffusible molecules (Belenkaya et al., 2004; Kruse et al.,
2004). A complete characterization of a morphogen gradient requires quantitative information about the concentration of a morphogen across the patterned field.
To a first approximation, the shape of a morphogen gradient can be characterized by the ratio of the size of the
patterned field (L) to the decay length of the patterning
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signal (l). Clearly, this ratio must be regulated in any
given patterning system. Indeed, when L/l is small, the
concentration of the inductive signal does not vary
appreciably across the field, and all cells are exposed to
the same signaling level. In the other extreme, the concentration decreases to its minimal value very quickly
and most of the domain is again exposed to the same
(but now low) level of signal. Based on this argument,
one would expect that L can not be very different from
l for any morphogen gradient established by the combination of localized ligand secretion and uniform degradation. To test whether the prediction of this simple
argument is true in a real system, we used a combination
of modeling and experiments to estimate L/l for a morphogen in Drosophila oogenesis.
The dorsoventral patterning in Drosophila oogenesis
relies on the gradient of EGFR activation in the developing egg chamber (Nilson and Schupbach, 1999; Amiri
and Stein, 2002). Gurken, one of the four ligands of
Drosophila EGF receptor (Shilo, 2003), is secreted from
the dorsal-anterior cortex of the oocyte and activates
EGFR, which is uniformly expressed across the follicular
epithelium (Schupbach, 1987; Neuman-Silberberg and
Schupbach, 1994; Sapir et al., 1998; Ghiglione et al.,
2002). The gradient of EGFR activation is established
as a result of localized Gurken secretion, extracellular
transport, binding to EGFR on the surface of the follicle
cells, and receptor-mediated endocytic degradation
(Roth, 2003). The current model of graded EGFR activation was deduced from clonal analyses experiments and
studies of mutants with different levels of Gurken (Neuman-Silberberg and Schupbach, 1994; Roth and Schupbach, 1994; Pai et al., 2000; Ghiglione et al., 2002; James
et al., 2002; Peri et al., 2002), but the gradient itself has
not been visualized directly. Current visualization techniques detect only the Gurken molecules in the oocyte.
Secreted Gurken is probably present at concentrations
below the detection limits of current staining protocols.
At the same time, attempts to express the GFP-tagged
secreted Gurken in the oocyte have not been successful
so far.
Genetic studies of EGFR signaling in Drosophila oogenesis and recent transcriptional profiling experiments
suggest that Gurken controls the expression of tens
to hundreds of genes in the follicular epithelium (Berg,
2005; Jordan et al., 2005). In order to accurately interpret
the spatiotemporal responses to Gurken, quantitative
information about the spatial distribution of secreted
Gurken protein is required (Yakoby et al., 2005). Here,
we report a parameter estimation strategy for quantifying the spatial distribution of the Gurken morphogen.
Our approach relies on the combination of biophysical
modeling, dimensional analysis, quantitative characterization of transcriptional response to Gurken in a number
of genetic backgrounds, and on the quantitative assay
for characterizing the Gal4/UAS targeted gene expression system (Goentoro et al., 2006). To our knowledge,
the implementation of our parameter estimation approach provides the first characterization of the Gurken
gradient and demonstrates how parameter estimation

Developmental Cell
264

Figure 1. Biophysical Model Gurken Secretion, Diffusion, Binding, and Degradation
(A) The model is formulated in a spheroidal
coordinates. H denotes the width of the extracellular gap where ligand transport takes
place; LDV and LAP the equatorial and the
polar radii of the spheroid modeling the
oocyte.
(B) The model includes localized secretion of
Gurken from the oocyte (with a constant flux
V), ligand transport (with diffusion coefficient
D), ligand-receptor binding (with rate constants kon and koff), and ligand-induced endocytosis (with rate constant ke). The three variables in the model are: G, the concentration
of the Gurken molecules; R, the surface density of empty EGF receptors; and C, the surface density of Gurken-EGFR complexes.
(C) The Gurken gradient computed at F = 1.
D, dorsal; V, ventral; P, posterior; A, anterior.
(D) DV and AP concentration profiles computed for F = 1 along the broken lines.
(E) The ratio of Gurken concentrations at the
ventralmost and dorsalmost positions at the
anterior boundary (denoted by the broken
line in [C]), computed as a function of the
Thiele modulus. gD and gV denote the Gurken
concentration at the dorsalmost and ventralmost points, respectively.

and genetic approaches can be productively combined
to gain quantitative insights into the mechanisms of
morphogenetic patterning.

parameter in the original model. As shown in the Supplemental Data (available with this article online), the shape
of the Gurken gradient is controlled by a single dimensionless number (F):

Results
The Shape of the Gurken Gradient Depends on
a Single Dimensionless Parameter
Given a full set of anatomical, cellular, and biochemical
parameters, our model predicts the profile of secreted
Gurken protein in the egg chamber (Figure 1C). Out of
all model parameters, only the physical dimensions of
the egg and the size of the source of Gurken secretion
from the oocyte can be measured in a relatively straightforward way (Neuman-Silberberg and Schupbach, 1993;
Spradling, 1993). Other parameters can be potentially
measured, such as the binding constant of the Gurken/
EGFR interaction. This was previously done for Spitz,
another ligand of Drosophila EGF receptor (Klein et al.,
2004). The model also contains parameters, such as
the effective extracellular diffusivity of Gurken, for which
no direct experimental assays are currently available.
Note however that, in order to characterize the shape
of the Gurken gradient, it is not necessary to know every


F=

kon ke R
L2DV
ðkoff + ke Þ DH sinh x0

0:5
;

(1)

where xo = tanh21(LDV/LAP), and all other parameters are
defined in Figures 1A–1B. This number, known as the
Thiele modulus in the engineering literature, can be related to the ratio of the geometric and dynamic length
scales in the problem (Weisz, 1973; Bird et al., 2002;
Saltzman, 2004; Griffith and Swartz, 2006). The geometric length scale is given by the linear dimension of the
egg (L h LDV), while the dynamic length scale, defined
as the distance on which the ligand concentration
decays (l), is given by ðDHðkoff + ke Þ=kon ke RÞ0:5 (Pribyl
et al., 2003; Berezhkovskii et al., 2004). Thus, F w L/l,
with the proportionality constant related to the shape
of the egg. The Gurken gradient computed for F = 1
is shown in Figure 1C, where we have used LDV/LAP measured in wild-type egg chambers from stage 10A of
oogenesis.
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The Thiele modulus compares the relative importance
of degradation and diffusion in the problem (Weisz,
1973; Bird et al., 2002). When transport dominates,
which can be a consequence of either fast diffusion or
slow degradation, the Thiele modulus is small, and the
concentration field does not vary appreciably across
the egg (L  l). In the opposite regime, realized either
by fast degradation or slow diffusion (L [ l), the decay
distance is short, and the gradient is sharp. In this
regime, Gurken molecules are captured and degraded
in the very close proximity to the point of their release,
and the shape of the Gurken gradient mirrors the spatial
profile of its secretion from the oocyte.
The prediction of this simple argument is supported
by the results of numerical analysis of the model
(Figure 1D). We can use the ratio of concentrations of
Gurken at the dorsalmost and the ventralmost points
at the anterior boundary of the egg as the measure of
the sharpness of the gradient. For shallow gradients,
this ratio (gV/gD) will be close to unity, while for sharp
gradients it will be close to zero. As expected, gV/gD z 1
when F  1, and gV/gD z0 when F [ 1 (Figure 1D).
Thus, based on the combination of the dimensional
and numerical analyses, we predict that ‘‘biologically
useful’’ gradient (the one that is neither too shallow nor
too sharp [Lander et al., 2002]) requires that the Thiele
modulus is not very different from unity (F = O(1)). Therefore, within the framework of our biophysical description, the problem of quantifying the Gurken gradient is
reduced to the problem of estimating the Thiele modulus, the only free parameter in the model. Our strategy
for estimating this parameter is based on the analysis
of the transcriptional response to Gurken in genetic
backgrounds with distinct levels of EGFR expression.
Using pipe as a Reporter Gene for Monitoring the
Gurken Gradient
The pipe gene is an established transcriptional target of
Gurken/EGFR signaling in the follicle cells (Sen et al.,
1998). In the wild-type egg chamber, pipe is expressed
in the ventral follicle cells (Figure 2A). Clonal analysis experiments with the EGFR pathway components established that pipe is directly repressed by Gurken-induced
Ras/MAPK signaling (Pai et al., 2000; James et al., 2002;
Peri et al., 2002). In combination with the sharp boundary of the pipe expression domain, this suggests a simple model in which pipe expression follows a switch-like
dependence on the level of EGFR occupancy. In this
model, the pipe expression is ‘‘on’’ when the EGFR occupancy is below some critical threshold CT and ‘‘off’’
otherwise (Figure 2A). Therefore, within the framework of
this model, the boundary of the pipe expression domain
is the level set (i.e., the curve of constant concentration)
on the surface of the follicular epithelium where the
EGFR occupancy is equal to this critical threshold. This
corresponds to the dimensionless Gurken concentration
given by (see derivation in the Supplemental Data):
gðhp ; qp Þ = ghCT ke =V;

(2)

where the dimensionless Gurken concentration is simply the Gurken concentration scaled by its maximal
concentration in the absence of a gradient, i.e., gðh; qÞh
Gðh; qÞ=G0 ; G0 hkon Rke =ðke + koff Þ: The coordinates h

Figure 2. Model of Gurken-Mediated pipe Repression
(A) The Gurken-mediated pipe repression is modeled as switch-like
response (CT, the concentration of Gurken/EGFR complex at the
threshold of pipe expression; D, dorsal; V, ventral; L, half circumference of the egg chamber at the anterior boundary).
(B) Comparison between the observed pipe staining in wt and the
pipe domain solved using the procedure described in the text. For
an arbitrary value of Thiele modulus (F) the threshold parameter g
is computed from the Gurken/EGFR complex concentration at
40% ventral along the anterior cross-section (i.e., the pipe domain
observed in the wild-type). By using the computed g at the anterior
end, the boundary of pipe expression along the AP-direction is
determined by tracing the line of equal Gurken/EGFR complex concentration.

and q denote spatial location on the surface of the ellipsoid, which models the egg chamber (see Figure 1A
and Figure S1A), and the superscript p indicates that
the coordinates correspond to the pipe boundary. Each
pair (hp,qp) defines a point on the boundary of the pipe
expression domain. Given a location of the boundary
even at a single point in the follicular epithelium, one
can determine the right-hand side of Equation 2 (g) and
in this way predict the two-dimensional boundary
(hp,qp). Figure 2B shows the predicted boundary, with g
derived from the location of the boundary of the wildtype pipe expression domain at the anteriormost section
of the egg chamber.
As a solution of the model for the spatial distribution
of the secreted Gurken, the left-hand side of Equation 2
depends on the value of the Thiele modulus (F), which is
directly related to the multiple dimensional parameters
of the biophysical model. In particular, according to
Equation 1, F depends on the EGFR expression level
in the follicle cells: F w R0.5. At the same time, the right
hand side of Equation 2 (g) does not depend on the
EGFR expression level. Therefore, the boundary of the
pipe expression domain must shift from its wild-type
position in response to changes in the EGFR expression
in the follicle cells (Figure 3A). Computational results
confirm that the boundary of the pipe domain indeed
shifts in response to under- and overexpression of
EGFR (Figure 3B). Specifically, the pipe expression domain expands upon EGFR overexpression and contracts
upon decrease in the EGFR level. Qualitatively, this can
be predicted from the results of the dimensional analysis. Indeed, higher levels of EGFR expression lead to
a higher Thiele modulus (Equation 1), a sharper spatial
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‘‘weak’’ and ‘‘strong’’ in the rest of the text). In each of
these genetic backgrounds, we measured the width of
the pipe domain in anterior cross-sections at the precise
position where the oocyte nucleus was visible. Our measurements show that the domain of pipe expression
expands with increases in the receptor level and
shrinks in the deficiency line (Figure 4). Using a linear
regression model, we confirmed that the observed
changes in the pipe domain are indeed statistically significant (p < 0.001). These results validate our biophysical model and set the stage for the quantitative characterization of the wild-type Gurken gradient.

Figure 3. Model Predictions
(A) Graphical illustration of Equation 2: the wild-type location of the
boundary of pipe expression domain (q0) defines the threshold
parameter g for an arbitrarily set starting Thiele modulus (F0).
Demanding that g remain constant as the Thiele modulus changes,
it is possible to compute the new domain of pipe expression (q1) corresponding to the new Thiele modulus (F1). See text for more details.
(B) The Thiele modulus depends on EGFR level in the follicle cells
(F w R0.5). The model predicts that the domain of pipe expands/
contracts as the receptor level increases/decreases, respectively.
Shown are the response curves computed for three different
values of the starting Thiele modulus (F0).

profile of Gurken, and a readjustment of the pipe domain
boundary (Figure 3B).
To validate this prediction of the model, we quantified
the size of the pipe domain in egg chambers from late
stage 9 to early stage 10B with different levels of EGFR
expression in the follicular epithelium (Figure 4). We
carefully selected the egg chambers in this time window
given that the pipe expression remains constant during
this stage of development. In addition, inspection of over
100 egg chambers per genotype confirmed that the pipe
domain showed a smooth boundary without spatial
bias. We measured the width of the pipe domain in
wild-type egg chambers, in the egg chambers with a
single copy of EGFR, and in the egg chambers in which
EGFR was overexpressed by using the Gal4/UAS system. For the EGFR overexpression experiments, we
used two drivers of different strengths (Gal4-E9 and
Gal4-T155; for convenience, these drivers are called

Mathematical Framework for Parameter Estimation
Approach
Our approach for estimating the wild-type value of the
Thiele modulus is based on modeling the observed
changes in the width of the pipe domain in response to
EGFR overexpression. As shown in Figure 3B, depending on the starting value of the Thiele modulus, F0, the
domain of pipe exhibits differential sensitivity to changes
in the receptor level. The higher the starting Thiele modulus, or the sharper the initial Gurken gradient, the more
sensitive the domain of pipe is to changes in the receptor level. This is the basis for our parameter estimation
procedure. By measuring the changes in the domain of
pipe for a given level of perturbation in the EGFR level
and fitting the measurements to the model, we can estimate the wild-type value of the Thiele modulus.
Let R0, R1, and R2 be the levels of EGFR expression in
the wild-type egg chamber and in the egg chambers in
which EGFR is overexpressed by the weak and the
strong Gal4 drivers, respectively. The fractional increase
in receptor level driven by the weak driver is given by
fhðR1 2 R0 Þ=R0 , while the ratio of driver strengths, defined as the ratio of the excess receptors, is equal to
rhðR2 2 R0 Þ=ðR1 2 R0 Þ. From Equation 1, the values
of the Thiele moduli in genetic backgrounds with increased levels of EGFR are related to the wild-type value
F0: F1 = F0 ð1 + fÞ0:5 and F2 = F0 ð1 + frÞ0:5 . According to
Equation 2, each value of F determines a corresponding
boundary of the pipe expression domain.
Let J(qp,F) denote the value of the dimensionless
Gurken concentration (see the Supplemental Data for
details) at the anterior boundary of the pipe expression
domain, measured in the egg chamber cross-sectioning
experiment. As discussed in the previous section (see
Equation 2), the dimensionless Gurken concentration
at this boundary is not affected by changes in the
EGFR expression level. Thus, J(qp,F) is the same in all
three genetic backgrounds. Denoting the locations of
the anterior boundary of the pipe domain in the three
backgrounds by q0, q1, and q2 and using the relations
between the values of F in the three backgrounds, we
arrive at the following system of equations:


J q1 ; F0 ð1 + fÞ0:5 2 Jðq0 ; F0 Þ = 0




J q1 ; F0 ð1 + fÞ0:5 2 J q2 ; F0 ð1 + frÞ0:5 = 0:

(3)
(4)

These equations form the mathematical basis of our
parameter estimation approach that provides a quantitative estimate of the wild-type Thiele modulus and, as
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Figure 4. Measurements of the Width of the
pipe Expression Domain in Genetic Backgrounds with Different Levels of EGFR Expression
Measurements were performed on the crosssections of egg chambers from late stage 9
to early stage 10B. The differences in the
measured pipe domains are statistically significant (p < 0.001); error bars in the bar
graphs correspond to 1.96SE. No significant
correlation was observed between the fractional domain of pipe and the size of the egg
chambers. The size of the egg chambers is
not affected by changes in the receptor level
(see Table S1).

a consequence, of the shape of the Gurken gradient. As
described below, these equations are combined with
the experimentally measured values of q0, q1, q2, and r
and then solved for F0 and f. Substitution of F0 in the
model equation reconstructs the wild-type Gurken gradient. Note that the terms in Equations 3 and 4 are not
available explicitly but must be found numerically, by
solving the boundary value problem for the steady-state
Gurken concentration (see Equation M5 in the Supplemental Data).
Quantitative Estimation of the Thiele Modulus
The parameter estimation approach is implemented as
follows. First, the median widths of pipe expression domain in wild-type and the two GAL4/UAS lines are used
as estimates of q0, q1, and q2. Next, the ratio of the
strengths of the strong and weak Gal4 drivers (r) is determined by using the GFP-based quantitative live imaging
assay (Goentoro et al., 2006). We find that r z 360.1 for
egg chambers from early stage 10A (see Supplemental
Data for detailed measurement results). Finally, the
egg aspect ratio is measured in egg chambers from
early stage 10A. The egg chamber ratio 2LDV/LAP was
found to be 0.76 6 0.09; we have confirmed that it is
not affected by changes in the receptor level (Table
S1). Thus, there are five inputs to the parameter estimation procedure: the widths of the pipe domains in the
three backgrounds, the relative strength of two Gal4
drivers, and the egg aspect ratio. This leaves Equations
3 and 4 with only two unknowns: f, the fractional increase of EGFR expression level by the weak driver,
and F, the only dimensionless parameter in the biophysical model. The two equations are then solved numerically, by locating the global minimum of the sum of
squares of the lefthand sides of Equations 3 and 4.
The confidence intervals for F and f are computed by
Bootstrap approach, which involves resampling the
measurement histograms of the pipe widths, the relative
strength of the Gal4 drivers, and the egg aspect ratio
(Efron and Tibshirani, 1993; Wasserman, 2003).

Following these steps, we find that the Thiele modulus
in wild-type is 2.7, with the 90% confidence interval (1.5,
5.1) (see Figure 5F). Thus, our estimate suggests that the
length scale of the signal is roughly one-third of the size
of the patterned field. These numbers are fully consistent with our hypothesis that the ratio of the size of the
patterned field to the length scale of the patterning signal should be O(1) for all morphogens established by the
combination of localized production and uniform degradation. Notice that the confidence intervals merely span
2-fold variations in either direction from the estimate.
Using the estimate for fhðR1 2 R0 Þ=R0 , we can compute
the absolute level of receptor overexpression induced
by the Gal4/UAS system at stage 10A. We find that the
receptor protein level in Gal4-E9/UAS-EGFR and Gal4T155/UAS-EGFR is w1.8-fold and w3.4-fold, respectively, of that in the wild-type. Using the estimated
wild-type Thiele modulus to fit the measured pipe domain in the deficiency line, we find that the receptor protein level in the heterozygous deficiency line is w60% of
its wild-type level.
Using the estimated Thiele modulus, we can reconstruct the wild-type Gurken gradient (Figures 1E and
5D). In particular, we find that Gurken concentration at
the ventral side is w10% of that at the dorsal side.
Thus, there is a nonzero Gurken concentration at the
ventral side, in agreement with the proposed role of
Gurken as a long-ranged secreted signal in patterning
of the follicular epithelium (Pai et al., 2000). It is also
possible to compute the relative Gurken concentration
corresponding to the boundaries of high- and lowthreshold targets of Gurken/EGFR signaling. Gurken
signaling induces expression of kekkon and sprouty in
roughly one-third of the dorsal region (Ghiglione et al.,
1999; Peri et al., 1999). Based on the estimated Thiele
modulus, the Gurken concentration at the pipe boundary is w30% of its value at the kekkon/sprouty boundary.
Thus, the two threshold responses in Gurken-EGFR signaling are established by a mere 3-fold difference in
Gurken concentration.
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Figure 5. The Thiele Modulus of the WildType Gurken Gradient
(A) A contour plot of the residual from the
optimization procedure for finding the estimate of the Thiele modulus. The color bar
corresponds to the log10 value of the residual.
Based on the medians of the data, the
estimate for the Thiele modulus is found to
be 2.7.
(B and C) Cross-sections through the minimum of the residual function.
(D) The wild-type Gurken gradient along the
anterior circumference, computed with the
estimated Thiele modulus. Plotted in the y
axis is the Gurken concentration scaled by
the maximum concentration at the dorsalmost point. Dotted lines show the profiles
computed for Thiele moduli at the boundaries
of the 90% confidence interval.
(E) Histogram for the fitted values of the
Thiele modulus computed by Bootstrap.
(F) Bootstrap quantiles of the estimated
Thiele modulus.

Discussion
Like many other morphogens, the spatial distribution of
secreted Gurken protein in Drosophila oogenesis cannot be visualized directly at this time. Here, we have
demonstrated that the shape of the Gurken morphogen
can be characterized with a combination of modeling
and experimental approaches. Our approach yields
not only a qualitative depiction of the Gurken gradient
but also a quantitative understanding on how the
Gurken gradient is regulated and responds to perturbations. We have formulated a biophysical model for
Gurken extracellular transport and receptor-mediated
degradation. Through the dimensional analysis of the
model, we have established that the shape of the spatial
distribution of active Gurken protein is controlled by just
a single dimensionless number, which combines multiple tissue, cellular, and molecular parameters. We have
then developed and implemented a model-based approach for estimating the value of this dimensionless
number from experiments involving variations in EGFR
expression levels. The estimated Gurken gradient is fully
consistent with its role as a long-range patterning signal
in Drosophila oogenesis (Amiri and Stein, 2002; Roth,
2003). This demonstrates how model-based parameter
estimation can be combined with genetic experiments
and quantitative measurements to derive a systemslevel property of a patterning signal. From the standpoint of the analysis of Drosophila oogenesis, quantitative characterization of the Gurken gradient enables
more detailed models of pattern formation initiated by

this morphogen. For example, it is now possible to
quantify the distinct thresholds in the Gurken signal
which define boundaries of the expression of a large
number of Gurken targets in the follicular epithelium
(Jordan et al., 2005; Yakoby et al., 2005).
While modeling of developmental processes is not
new (Eldar et al., 2002; Shvartsman et al., 2002; Kruse
et al., 2004; Mizutani et al., 2005; Shimmi et al., 2005),
model-based reconstruction of concentration profiles
in patterning systems has been done only in one experimental system (Jaeger et al., 2004). Reinitz and colleagues used modeling, imaging, and optimization approaches to reconstruct the regulatory interactions in
the AP patterning of the Drosophila embryo. Parameter
estimation was based on the dynamic data in the wildtype embryo, and the generated estimates of parameters were not unique (the estimates themselves were
generated by a stochastic optimization approach). In
our work, parameter estimation is done at steady state
and relies on data from both wild-type and mutant genotypes. Furthermore, deterministic parameter estimation
allows us to both claim that the resulting parameter
estimate is unique and carry out detailed error analysis.
We have estimated the wild-type value of the dimensionless group that controls the sharpness of the Gurken
gradient. As a result, we find that the gradient operates
in the regime where EGFR not only transduces the
Gurken signal, but also regulates its spatial range across
the follicular epithelium. The possibility for the regulation
of the spatial range of a diffusible signal by the level of
the cognate cell surface receptor was first recognized
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in the Torso signaling pathway in the Drosophila embryo
(Casanova and Struhl, 1993) and, since then, has been
identified in a number of patterning contexts (Lecuit and
Cohen, 1998; Teleman et al., 2001). Our results, based
on the EGFR-deficiency line and two EGFR overexpression experiments, demonstrate that such a ‘‘ligand trapping’’ effect is also operative in Drosophila oogenesis.
In addition, our biophysical modeling shows how the
spatial range of the Gurken signal is dictated by the relative influence of the various processes in the system.
The sensitivity of the Gurken gradient (and pipe domain) to EGFR expression levels observed in our experiments is not at odds with the established robustness of
the embryonic dorsoventral patterning. Previous work
has shown that downstream processes can successfully buffer significant variations in the width of pipe
expression domain (Nilson and Schupbach, 1998; Peri
et al., 2002). Our model predicts a further increase in
the width of the pipe domain for even stronger levels
of EGFR overexpression. We have used a number of
strong Gal4 drivers to test this experimentally and discovered that, contrary to the prediction, the pipe domain
starts to contract above certain level of EGFR overexpression (results not shown). Specifically, we used
Gal4-GR1 (GR1/E9 w9-fold) and Gal4-CY2 (CY2/E9
w14-fold), where the relative strengths were measured
with UAS-EGFR-EGFP at stage 10A. This observation
can be explained by ligand-independent EGFR activation (Schweitzer et al., 1995), an effect not included in
our model, and the presence of Spitz-positive feedback
at the dorsal region. While our model can be extended to
include a more detailed description of receptor activation, trafficking dynamics, and the subsequent feedback
loops, we believe that the presented model is adequate
for the parameter estimation purpose of this paper.
Our parameter estimation approach provides the first
estimate for the sharpness of the Gurken gradient, defined as the ratio of the size of the field patterned by
Gurken (L) and the decay length of the Gurken signal
(l). The fact that this ratio was determined to be of order
one (L/l w 2.7) supports the dimensional argument that
suggests that L can not be very different from l in all
patterning systems where the morphogen gradient is
established through the combination of localized production and uniform degradation. This hypothesis is
further supported by the recent demonstration of the
fact that, for the Bicoid gradient, the value of L/l is conserved in three different fly species (Gregor et al., 2005).
In the future, it will be important to determine L/l for
other morphogens and to extend our approach to systems where the spatial distribution of morphogens is
controlled by feedback loops (Freeman, 2000; Eldar
et al., 2003; Reeves et al., 2005).
Over the past two decades Drosophila oogenesis has
emerged as one of the most extensively studied models
of epithelial pattern formation (Dobens and Raftery,
2000; Berg, 2005; Yakoby et al., 2005). Until recently,
all of the mechanisms in this system were derived on
the basis of genetic experiments, and their quantitative
analysis has been limited by the inability to directly
examine the patterning inputs (Neuman-Silberberg and
Schupbach, 1994; Wasserman and Freeman, 1998).
Our description of the Gurken gradient provides the first
step toward the quantitative model of pattern formation

Figure 6. Summary of the Quantitative Analysis of the Gurken
Gradient
Gurken is locally secreted from the dorsal anterior cortex of the
oocyte and forms a shallow gradient with a Thiele modulus of 2.7
(1.5, 5.1). When normalized to the maximal concentration at the dorsal side, the Gurken gradient drops to 63% (73%, 56%) at one-third
dorsal, which coincides roughly with the boundary of the dorsal
genes (such as kekkon and sprouty; blue), 22% (42%, 8%) at the
boundary of pipe expression (red), and 10% (31%, 1%) at the ventral
midline. Numbers in brackets correspond to 90% confidence intervals of the derived estimates.

in the follicular epithelium and will allow an assessment
of the threshold of gene expression for target genes of
the Egf receptor (Figure 6). In the future, our analysis
coupled with the precise analysis of transcriptional responses to Gurken (Morimoto et al., 1996; Dobens
et al., 2000; Atkey et al., 2006) and its interaction with
other signaling pathways (Peri and Roth, 2000; Dobens
et al., 2005; Ward et al., 2006) should lead to a comprehensive, quantitative description of patterning in this
tissue.
Experimental Procedures
Biophysical Model of Gurken Transport and Degradation
The dimensions of the egg chamber and model geometry are defined in Figure 1A. The key processes in the model are shown in
Figure 1B. We model Gurken secretion from the oocyte, extracellular
transport with effective diffusivity D, reversible binding to EGFR (with
rate constants kon and koff), and receptor-mediated endocytosis
(with rate constant ke; Wiley and Cunningham, 1981). V is the constant flux of ligand from the dorsal-anterior cortex of the oocyte.
The size of the Gurken source is approximated from published images of Gurken protein (Neuman-Silberberg and Schupbach, 1996;
Norvell et al., 1999; Queenan et al., 1999). Previous studies of the
Gurken/EGFR signaling in oogenesis suggest that patterning of
the follicular epithelium proceeds in the ligand-limited regime
(Neuman-Silberberg and Schupbach, 1994; Peri et al., 2002) and
that the level and the spatial pattern of EGFR expression is constant
during the time window considered in this work (Sapir et al., 1998).
Thus, we assume that the level of EGFR expression is constant;
the cell-surface density of EGFR in the follicle cells is denoted by
R. In addition, order-of-magnitude estimates of the rates of Gurken
transport, binding, and degradation suggest that the spatial distribution of Gurken corresponds to the steady state of the model.
Assuming that ligand concentration does not vary across the gap
between the oocyte and the follicle cells, and nondimensionalizing
the steady-state problem, one can show that the shape of the
Gurken gradient depends on a single dimensionless parameter,
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which compares the relative strengths of ligand degradation and
diffusion. See the Supplemental Data for the details of the model,
dimensional analysis, and numerical methods.
Genetic Manipulation of EGFR Levels in the Follicle Cells
To decrease the EGFR expression level, we used the heterozygous
deficiency Drosophila line, Df(2R)topc18a/+, which carries only one
copy of the EGFR gene (Price et al., 1989). To increase the receptor
level, we used the Gal4/UAS targeted expression system (Brand and
Perrimon, 1993). We used the UAS-EGFR as the responder line (Buff
et al., 1998). To find the appropriate Gal4 drivers, we performed
a quantitative analysis of w15 Gal4 drivers, which allowed us to
rank various drivers based on their strength of expression. The details of the GFP-based assay used for quantifying the relative
strengths of Gal4 drivers were reported elsewhere (Goentoro et al.,
2006). Two relatively weak Gal4 drivers were selected from the
screen: Gal4-T155 (Brand and Perrimon, 1994) and the weaker
Gal4-E9. The spatial profiles of Gal4-E9 and Gal4-T155 are shown
in Figure S2 of the Supplemental Data. We observed a spatially
variegated expression in all Gal4 drivers examined. With respect
to Gal4-E9 and Gal4-T155, the pattern of Gal4 expression is patchy,
but random, i.e., with no obvious pattern across the AP- or DV-axis.
For every driver, we have examined over 100 eggs and observed no
spatial bias. Despite the patchy pattern of receptor overexpression,
the resulting domain of pipe is uniform, and the boundary of pipe
expression is smooth. The temporal profiles of the Gal4 drivers
were analyzed with UAS-EGFP (Halfon et al., 2002) and UASEGFR-EGFP (a gift from J. Duffy) as the reporter proteins. EGFP fluorescence was detected as early as in stage 7/8 in Gal4-E9 and stage
2/3 in Gal4-T155. Thus, both drivers are active during the stages
relevant for this study (i.e., stages 9–10B).
Quantifying the Relative Strengths of Genetic Perturbations
To quantify the relative strength of Gal4-T155 and Gal4-E9 (T155/E9)
expression, we used the quantitative fluorescence assay (Goentoro
et al., 2006). Since the Gal4 expression varies over time, we focused
our measurements on a relatively narrow small time window, the
early stage 10A, which can be identified by the follicle cell morphology (Spradling, 1993), see below. The ease in identifying the time period is necessary to ensure consistency across experiments. Egg
chambers from four genotypes were examined: Gal4-T155/UASEGFR-EGFP, Gal4-E9/UAS-EGFR-EGFP, Gal4-T155/UAS-EGFP, and
Gal4-E9/UAS-EGFP. Each genotype was imaged in 3 independent
measurements of 10 to 15 egg chambers from early stage 10A. We
found similar T155/E9 ratios from imaging analysis with UASEGFR-EGFP and UAS-EGFP, even though the two reporter proteins
exhibit large difference in their stability. This indicates that the
measured T155/E9 ratio is not dependent on the reporter protein
used and is therefore applicable when the two Gal4 drivers are
used to activate UAS-EGFR. We conclude that the T155/E9 ratio
quantified with UAS-EGFR-EGFP responder is a good estimate of
the relative amount of extra receptors in Gal4-T155/UAS-EGFR and
Gal4-E9/UAS-EGFR, see also (Goentoro et al., 2006). We did not
use the UAS-EGFR-EGFP construct in the measurements of the
pipe expression domain since our results (data not shown) strongly
suggest that the signaling potency of the UAS-EGFR-EGFP construct is stronger than that of the UAS-EGFR construct. Thus, we
have chosen to work with the UAS-EGFR lines for our experiments.
In Situ Hybridization and Measurements of the pipe Expression
Domain
The domain of pipe expression was visualized by in situ hybridization. The digoxigenin-labeled pipeST2 RNA probe (Pai et al., 2000)
was prepared with the DIG RNA Labeling Kit (Boehringer Mannheim). Fly stocks and crosses were maintained at room temperature. Flies were placed on yeast for 2 days before dissection, at
room temperature. Ovaries were dissected in cold PBS, partially
separated, and fixed in 4% paraformaldehyde in PBS, 10% DMSO,
and heptane for 20 min. In situ hybridization was performed according to (Tautz and Pfeifle, 1989) with some modifications (Suter and
Steward, 1991; Kosman et al., 2004). Stained egg chambers were
cross-sectioned around the oocyte-nurse cell boundary with
26G1/2 hypodermic needles (Becton Dickinson & Co.), as described
in (Dawes-Hoang et al., 2005). The cross-sections were imaged with

a Nikon E800 microscope. The 403 Nomarski images of the crosssections were collected from the focal plane where the oocyte
nucleus is visible. The width of the pipe expression domain was
measured at this focal plane. Image analysis was performed with the
IP Lab software. The measurements were collected from egg chambers between late stage 9 and early stage 10B, during which pipe
expression is known to be constant.
Measurements of Egg Dimensions
Egg dimensions were measured from their Nomarski images. In particular, from each egg chamber, we measured the anterior circumference of the oocyte and the aspect ratio of the oocyte. Fixed egg
chambers were separated by hand and placed on a grid drawn on
a glass slide, immersed in PBS buffer. The egg chambers were imaged individually using a 203 magnification in a Nikon E800 microscope (without a cover slip). From the image, the stages were
assigned, and the aspect ratio for each egg chamber was measured.
Each egg chamber was subsequently cross-sectioned and placed in
the same position within the grid, immersed in Aquapolymount. The
cross-sections were then imaged with a 403 magnification at the
focal plane where the oocyte nucleus was visible. The egg diameter
was measured from the cross-section images. Using the measurement protocol described above, we confirmed that there are no
significant differences (p < 0.05) in the egg dimensions from wt,
Gal4-T155/UAS-EGFR, and Gal4-E9/UAS-EGFR.
Combining Modeling and Measurements
The steady-state solution of the model is valid from late stage 9 to
stage 10B, as evidenced by the constant domain of pipe expression.
The measurements of the pipe domains were performed on egg
chambers from late stage 9 to early stage 10B, during which the domain of pipe expression remains at a constant proportion of the egg
chamber. The measurements of the pipe domains are therefore applicable for any smaller time window within the period where the
measurements were collected. The measurements of the T155/E9
ratio were performed on egg chambers from early stage 10A, as
described above. Accordingly, measurements of the egg dimensions were performed on egg chambers from early stage 10A. We
define the early stage 10A as the period where the follicle cells
have just finished their posterior migration, such that the anterior
boundary of the follicular epithelium is still at an angle with the
oocyte. The presented estimate of the Thiele modulus of the Gurken
gradient is therefore valid for wild-type egg chambers from early
stage 10A.
Supplemental Data
Supplemental data include the details of model formulation and
analysis, one table, and three figures and are available online at
http://www.developmentalcell.com/cgi/content/full/11/2/263/DC1/.
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