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How fly embryos know head from tail
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Development
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Stages of development
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•Development starts with a single fertilized egg
• the genome of every cell in our body remains unchanged

•breaking the symmetry:
• anterior - posterior  (front and back)
• dorsal - ventral  (back and belly)
• left - right

• specification of the different organs, segments....



Drosophila filmfest
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Green fluorescent protein
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Different colors obtained by modification of the protein



Bicoid mRNA and protein
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• bicoid mRNA is localized at the 
front of the egg, deposited by 
the mother

• bicoid protein is produced from 
the mRNA

• Bicoid protein diffuses towards 
the tail

• Bicoid acts as a transcription 
factor that turns on cascade of 
genes that determine head/tail

Bicoid protein Transcriptional regulation

Bill Bialek



Input - output
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Input: Bicoid protein

Output: Hunchback protein

• Bicoid regulates downstream 
genes such as hunchback

• very sharp response: a shallow 
gradient is transformed into a 
step like response.

• this sharp response is achieved 
by a series of amplifications and 
feedbacks

(stolen from) Bill Bialek

discovered here in Tuebingen by 

Driever and Nuesslein-Volhard, 1988



Models of Bicoid gradient formation
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diffusion degradation production

Steady state solution:



Estimating the diffusion constant
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• The gradient forms in ~90min = 5400s

• The length of the embryo is 500µm

• The typical distance traveled by diffusion in a time t is

• Hence for diffusion over 100 µm, we need

The problem is that measurements suggest a ten-fold smaller D



Two photon microscopy
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• A form of fluorescence microscopy: Laser light 
is used to excite dyes, the emitted 
fluorescence is recorded 

• Normally: one high energy photon per 
excitation. Excitation is proportional to the 
intensity.

• In two photon microscopy, simultaneous 
absorption of two low energy photons. 
Excitation proportional to intensity squared

• Advantages:

• low absorption: image deep in tissue

• good z-resolution



Two-photon microscopy of fly embryos
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• a=b=100µm

• c=250µm

Our understanding of the development and stability of
the Bcd gradient has been limited by the use of fixed tis-
sue and antibody staining techniques that provide only
static snapshots of the morphogen distribution. In addi-
tion, the analysis is complicated by the fact that the gradi-
ent arises during a stage when the embryo is undergoing
rapid syncytial nuclear mitoses. As expected for a tran-
scription factor, Bcd protein localizes to nuclei during
interphase, but during mitosis nuclear envelopes break
down, and it is unknown if the gradient is affected. Are
events inside the nucleus responding passively to a gradi-
ent established in the surrounding cytoplasm, or do intra-
nuclear processes help to shape the gradient itself? Along
these lines, it recently has been suggested that Bcd deg-
radation in nuclei contributes to themechanism for scaling
across embryos of different sizes (Gregor et al., 2005).

Here we address these issues with a dynamic measure-
ment of the Bcd gradient in single embryos. Fly transform-
ants that encode a fusion gene of bcd and the coding re-
gion of the enhanced green fluorescent protein (eGFP)
were generated. By observing these transformants with
time-lapse two-photon fluorescence microscopy and
photobleaching methods, the dynamics of the Bcd gradi-
ent were measured and perturbed during the first three
hours of embryonic development. We show that the gradi-
ent is formed within the first hour after egg fertilization and
that it then is stably maintained during blastodermal
stages. After each mitotic division, the concentration of
Bcd in nuclei at a given position along the AP axis of the
egg reaches the same value it had in the previous nuclear
cycle with a precision of 10%, despite changes in nuclear
size and density. The nuclear and cytoplasmic concentra-
tions are shown to be in a dynamic equilibrium on the !1
min time scale. Direct and indirect measurements of the
Bcd diffusion constant are all consistent with D ! 0.3
mm2/s, which is much smaller than expected and raises
problems for understanding how it is possible for the gra-
dient to be established so rapidly. Finally, we propose
a variant of the SDDmodel, involving nuclear degradation,
that captures the Bcd dynamics revealed in our measure-
ments and emphasizes a role for those dynamics in solv-
ing the scaling problem.

RESULTS

Bcd-GFP Construct: Initial Characterization
To visualize the spatiotemporal dynamics of Bcd concen-
tration we made transgenic Drosophila embryos in which
endogenous Bcd was replaced with a fluorescent eGFP-
Bcd fusion protein (called Bcd-GFP hereafter). Flies
were generated utilizing a transcript coding for eGFP
(Tsien, 1998) fused to the N terminus of Bcd. As in previ-
ous work with a GFP (rather than eGFP) fusion protein (Ha-
zelrigg et al., 1998), the construct contained endogenous
bcd 50 and 30 UTRs, which are known to mediate anterior
localization and translation of bcd mRNA.

Embryos expressing Bcd-GFP demonstrated an intri-
cate spatial and temporal pattern of concentration

dynamics that was captured by time-lapse two-photon
excitation laser scanning microscopy (Denk et al., 1990;
Svoboda et al., 1997). A typical image stack of three focal
planes from a Bcd-GFP embryo during nuclear cycle 12 is
shown in Figure 1A. The fluorescence consisted of two
components: bright nuclei and dispersed cytoplasmic
fluorescence of lower intensity. The bright nuclei are con-
sistent with previous antibody stainings of Bcd and the
fact that Bcd is a transcription factor that should, at some
point, be targeted to nuclei. A gradient in fluorescence
intensity from anterior to posterior is observed in both
the nuclear and cytoplasmic components, which is also
consistent with previous work (Driever and Nüsslein-
Volhard, 1988a; Movie S1).

Figure 1. Time-LapseMovie of aDrosophilaEmbryo Express-
ing Bcd-GFP Using Two-Photon Microscopy
(A) Typical image stack during nuclear cycle 12 of three focal planes at

30 mm (top panel), 60 mm (middle panel), and 90 mm (bottom panel)

below the top surface of the embryo. (Scale bar is 100 mm.)

(B) Six snapshots of a time-lapse movie of the anterior third of the mid-

sagittal plane of a Drosophila embryo expressing Bcd-GFP. Each

snapshot corresponds to a time point during interphases 9 to 14.

Red arrow points to individual nucleus during interphase 9 when nuclei

are deeper inside the egg. (Scale bar is 60 mm.)

(C) Bcd-GFP fluorescence profiles are extracted from two-photon

time-lapse movies and projected on the egg’s AP axis by sliding (in

software) an averaging box of 10 3 10 mm2 size along the edge of

the egg focused at the midsagittal plane. Time is represented by color

code. Time zero corresponds to oviposition. Imaging started 20 ± 15

min after oviposition.

Inset shows nuclear Bcd gradients in nuclear cycles 11 (cyan), 12 (red),

13 (green), and 14 (blue) projected on the AP axis in the anterior half of

the embryo (red error bars for nuclear cycle 12 are over five consecu-

tive time points).

142 Cell 130, 141–152, July 13, 2007 ª2007 Elsevier Inc.
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Bicoid protein is localized to nuclei
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egg reaches the same value it had in the previous nuclear
cycle with a precision of 10%, despite changes in nuclear
size and density. The nuclear and cytoplasmic concentra-
tions are shown to be in a dynamic equilibrium on the !1
min time scale. Direct and indirect measurements of the
Bcd diffusion constant are all consistent with D ! 0.3
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were generated utilizing a transcript coding for eGFP
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fact that Bcd is a transcription factor that should, at some
point, be targeted to nuclei. A gradient in fluorescence
intensity from anterior to posterior is observed in both
the nuclear and cytoplasmic components, which is also
consistent with previous work (Driever and Nüsslein-
Volhard, 1988a; Movie S1).
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below the top surface of the embryo. (Scale bar is 100 mm.)
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(C) Bcd-GFP fluorescence profiles are extracted from two-photon

time-lapse movies and projected on the egg’s AP axis by sliding (in
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Nuclei split and reform
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background quantitatively represent wild-type behavior of
the Bcd morphogen gradient.

Constancy of Nuclear Bcd Concentration
The low magnification time-lapse movies in Figure 1 pro-
vide initial support for the idea that the gradient in intranu-
clear Bcd concentration along the embryo develops early
and is approximately constant in amplitude and shape
over time during nuclear cycles 9–14. This stability is,
however, somewhat surprising, since several processes
are occurring simultaneously that would be expected to
produce local spatial and temporal variations in Bcd con-
centration: The number of nuclei doubles with each mi-
totic cycle, the size (diameter) of individual nuclei changes
during interphase and between adjacent cycles, and Bcd
concentrations must rise and fall as nuclear membranes
form and dissolve. To further characterize and understand
these expected changes in Bcd concentration and what
kind of stability may exist at the local level, individual nu-
clei were tracked over time at higher magnification.

High-resolution time-lapse images were taken of nuclei
in the anterior half of the embryo, with the field of view re-
duced to 503 50 mm2. Figure 3A depicts two nuclei during
interphase 12; the same field of view during mitosis 13 is
shown in Figure 3B. The concentration profiles of a thin
horizontal rectangle across the center of the nuclei in
Figure 3A and the corresponding position in Figure 3B,

depicted in Figure 3C, clearly show that the cytoplasmic
concentration increases during mitosis at the location be-
tween the two nuclei, as expected if Bcd-GFP is freed to
diffuse into the cytoplasm as the nuclei enter mitosis.
To measure the complete time course of nuclear Bcd-

GFP concentration from time-lapse movies during cycles
10–14, a fixed-size region of interest (ROI) within the nu-
clear membrane boundary of a single nucleus was deter-
mined during interphase. The average intensity within this
ROI was determined for a sequence of images starting
with the cytoplasm before nuclear membrane formation,
through interphase, and continuing in the cytoplasm im-
mediately following nuclear envelope breakdown. To con-
tinue the time course into the succeeding cycle, the ROI
was switched to an area within the newly forming nucleus
that was closest to the position of the first nucleus in order
to maintain positional constancy along the AP axis of the
egg. Figure 3D shows two time courses of nuclear con-
centration, determined by this procedure, from the same
embryo.
These data demonstrate a stereotyped response in

which peak intranuclear concentrations occur early in
each syncytial nuclear cycle. They further reveal that these
peaks are nearly constant between nuclear cycles 10 and
14. This is quantified by plotting, in Figure 3E, the concen-
tration in one cycle against that in the preceding cycle.
When monitoring three to four nuclei in each of seven

Figure 3. Bcd Gradient Stability
(A) Close-up of two adjacent nuclei expressing Bcd-GFP fluorescence during midinterphase 12. (Scale bar is 10 mm.)

(B) Same field of view as in (A) during mitosis 13.

(C) Intensity profile of amean horizontal cross-section through images in (A) and (B), with blue line indicating vertical average over blue rectangle in (A),

and with red line indicating vertical average over entire image in (B).

(D) Typical nuclear and cytoplasmic development of Bcd-GFP concentration from nuclear cycles 10 to 14. Each data point corresponds to the con-

centration of a single nucleus at a given time point, computed as the mean intensity value over an area that corresponds to the smallest nuclear size

encountered over the entire time course (384 pixels). Blue and green traces follow two individual nuclei (located at!50 mm distance from the anterior

pole of the embryo), and red curve corresponds to the average concentration in the interstitial space between the nuclei over a field of view of 503 50mm

(linear pixel dimension 0.20 mm/pixel). Time points are in 20 s intervals.

(E) Scatter plot of peak nuclear intensities INuc averaged over 1–5 time points during nuclear cycle n versus nuclear cycle n + 1. Different colors rep-

resent different embryos (n = 7). For each embryo one to eight nuclei were compared in nuclear cycles 10 to 14, resulting in a total of 77 data points.

Black line with slope one corresponds to perfect intensity reproducibility across nuclear cycles. Dotted line corresponds to an accuracy of 10%.

In inset bars indicate histogram of observed intensity ratios in bins of width 5%. Dashed line indicates results expected for Gaussian variations having

the observed standard deviation of 7:9%.

144 Cell 130, 141–152, July 13, 2007 ª2007 Elsevier Inc.



Cell nucleus and nuclear transport
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different embryos, in most cases the peak is reproducible
to better than 10%accuracy. More quantitatively, the ratio
of fluorescence intensities from one cycle to the next has
a mean of 1:02 and a standard deviation of just 7:9% (n =
77). These results hold over a wide range of absolute con-
centrations, corresponding to positions from 5% to 35%
of the distance from anterior to posterior pole.
Figure 3D also shows the cytoplasmic Bcd-GFP con-

centration across nuclear cycles 10–14. As for the nuclear
concentration, a highly reproducible pattern between in-
terphase and mitosis is observed with cytoplasmic con-
centration peaks during mitosis representing the equili-
bration of Bcd-GFP concentration after release from the
nuclei, as shown in Figure 3C.
Our data show a surprising coexistence of highly dy-

namic behavior and precise constancy. Over the course
of a single nuclear cycle, the concentration of Bcd varies
systematically over a factor of four at the location corre-
sponding to a single nucleus. When the next cycle starts,
however, the nuclear Bcd concentration is restored to
the same value with !10% accuracy. This reproducibility
validates a dynamic version of the positional information
hypothesis: From one nuclear cycle to the next, Bcd con-
centration provides information about the spatial location
of the nucleus, and the mapping from position to con-

centration is invariant across cycles. This stability in the
nuclear concentration gradient occurs despite the fact
that the total concentration of Bcd in a local cortical
region containing multiple nuclei is increasing with each
cycle.

Nucleo-Cytoplasmic Bcd Concentration Equilibrium
Although peak Bcd concentrations are reproduced from
one nuclear cycle to the next, closer inspection of the nu-
clear concentration time courses reveals a highly dynamic
pattern, both in relative and in absolute terms. We identify
three distinct behaviors of nuclear Bcd-GFP concentra-
tion during each mitotic cycle, marked as intervals I (nu-
clear envelope breakdown), II (refilling), and III (interphase)
during nuclear cycle 13 in Figure 4A. Note that during in-
terphase interval III, a concentration drop of approxi-
mately 30% is observed.

A fundamental question raised by our results is whether
the high intranuclear concentration of Bcd results from
simple trapping of Bcd or from a dynamic equilibrium of
Bcd molecules exchanging between cytoplasm and the
nuclei. To address this question, we bleached the fluores-
cence of Bcd-GFP in single nuclei during interphase. Nu-
clear fluorescence recovered, demonstrating that Bcd-
GFP is being transported across the nuclear membrane.

Figure 4. Nuclear Bcd Concentration Dynamics
(A) Typical nuclear (blue) and cytoplasmic (green) Bcd-GFP concentration development during nuclear cycle 13. Three intervals correspond to: (1)

Nuclear envelope breakdown and diffusive nuclear Bcd-GFP release, (2) rapid refilling of newly formed nuclei after mitosis, and (3) interphase 13.

(B) Fluorescence recovery after photobleaching of a single nucleus of a Bcd-GFP embryo during interval III of nuclear cycle 14. Blue curves are the

recovery curves of a four times successively bleached nucleus, and red curve is the concentration in a neighboring unbleached nucleus. Bleach

pulses (10–15 s long) are indicated by gray arrows. Data points are in 4 s intervals. The time constants t of exponential recovery fits are 60 s, 53s,

52s, and 50s, respectively, for the four bleaching traces. The linear decay of the red curve is due to the increasing nuclear diameter during interphase

which leads to an effective decrease in the nuclear Bcd-GFP concentration (see text).

(C) Development of nuclear diameter from nuclear cycle 10 to 14. Blue and red data points correspond to two different embryos (blue corresponds to

the data set of Figure 3A). The nuclear diameters at the end of interphase (averaged over two embryos) in nuclear cycles 10 to 14 are 10.0 mm, 10.5 mm,

9.2 mm, 8.2 mm, and 6.5 mm, respectively.

(D) Relative intensity (blue), relative number of molecules (green), and ratio of number of molecules to influx (red) as a function of time during nuclear

cycle 13. Blue curve corresponds to average nuclear intensity IðtÞ represented by the blue trace in Figure 3D during interphase 13. Green curve cor-

responds to the product of IðtÞr3n ðtÞ, where 2rnðtÞ is the nuclear diameter represented by the blue trace in (C). Red curve corresponds to the product

IðtÞr2n ðtÞ. The right side of the vertical axis has been normalized to yield the cytoplasmic diffusion constant D= r2nCin=3tCout; see text. To quantify the

observation that IðtÞr2n ðtÞ is constant while IðtÞr3n ðtÞ is not, we looked for linear correlations between these quantities and time; for IðtÞr3n ðtÞ the corre-

lation (0:50) is highly significant (p = 0.0013), while for IðtÞr2n ðtÞ there is essentially no correlation (0:01, p = 0.93); data sets for five embryos showed

similar results.

Cell 130, 141–152, July 13, 2007 ª2007 Elsevier Inc. 145



Measuring the diffusion constant
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Fluorescence recovery after photo-bleaching (FRAP)

• Locally deplete the dye by photo-bleaching

• Record how it is replenished by diffusion 
(on scales much larger than a nucleus)

• Fit the measurement to the solution of a diffusion equation

Images by Zeiss.de



Possible resolutions
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• Larger diffusion in the center of the embryo (but there is evidence against)

• Active transport (shaking and stirring) on time scales >10 min

were pressure-injected with pulled borosilicate capillaries (back-
filled with 10 !M solutions of dextran powder dissolved in
dH2O) at the anterior pole of dechorionated halocarbon oil
27-embedded (Sigma-Aldrich) embryos. To maintain natural
embryonic viscosity, the embryos were not desiccated before
microinjection. Of the successfully injected embryos, 90% sur-
vived at least through gastrulation, and only these have been
incorporated in our analysis.

Two-photon microscopy (11) was performed by using a
custom-built microscope similar in design to that of ref. 12.
Time-lapse image sequences were taken with a Zeiss !25
(N.A. 0.8) oil-immersion objective and an excitation wave-
length of 900–920 nm. Average laser power at the specimen
was 15–25 mW.

To analyze these data, we solved numerically the discretized
3D diffusion equation on a grid. Grid points were separated by
a linear distance of 1!100 of the embryo length. Boundary
conditions were ref lecting at the egg’s outer membrane, which
was determined by 3D reconstruction from a stack of two-
photon images. The initial condition was uniform zero con-
centration throughout the embryo except for unit concentra-
tion at a point inside the embryo corresponding to the tip of
the injection needle, i.e., "25 !m posterior of the anterior tip
of the embryo. A nonlinear fitting routine (Nelder–Mead) (13)
was used to adjust the diffusion coefficient to best match the
experimental time courses at 18 sampled spatial positions. For
the fit, we chose a single free parameter, the diffusion con-
stant, that had to fit all 18 positions at once. To account for
differences in optical depth, our fitting procedure allowed a
different time-independent value of background f luorescence
in each of the three focal planes. Furthermore, each sampled
position was allowed a normalization parameter (again, inde-
pendent of time) to account for optical unevenness. We did not
notice statistically significant differences of diffusion con-
stants between data sets of embryos of different pregastrula
ages, or between data sets of fertilized versus unfertilized eggs
(data not shown).

Bcd Gradient Quantification. Bcd protein profiles were extracted
from digital images of stained embryos by using software
routines (MATLAB, MathWorks, Natick, MA) that allowed a
circular window of the size of a nucleus to be systematically
moved along the outer edge of the embryo (14). At each position,
the average pixel intensity within the window was plotted versus
the projection of the window center along the anteroposterior
axis of the embryo. Measurements of the Bcd concentration
were made separately along the dorsal and ventral sides of the
embryo; for consistency, we compared only dorsal profiles. All
embryos were prepared, and images were taken under the same
conditions: (i) all embryos were formaldehyde fixed for 20 min,
(ii) embryos were stained and washed together in the same tube,
and (iii) all images were taken with the same microscope settings
in a single acquisition cycle.

In the simplest model (14), Bcd protein diffuses through the
embryo and decays with a lifetime ". The spatiotemporal dy-
namics of the concentration profile are determined by

#c#r!, t$
#t $ D%2c#r!, t$ %

1
"

c#r!, t$, [1]

where D is the diffusion constant. The steady state therefore is
determined by

D%2css(r!) $
1
"

c ss#r!$ . [2]

If there is a source (translation of maternal RNA) at x & 0 and
no variations along the dorsal–ventral direction, then the

solution, projected along the anteroposterior axis, is css(x) &
A exp('x!&), where & & (D", and the constant A is set to
match the diffusive f lux to the translation rate at x & 0; this
solution is valid if L!& )) 1, as observed. Identifying staining
intensity as proportional to concentration, and allowing for
background f luorescence B, the raw data of Bcd immunof lu-
orescence intensities were fitted by I & A exp('x!&) * B for
abscissae x ! 15–85% egg length. A nonlinear Nelder–Mead
fitting procedure was used to estimate the parameters A, B, and
& for each embryo (13).

Results and Discussion
Testing the Diffusion Model. We measured the behavior of bio-
logically inert, f luorescently labeled dextran molecules in living
D. melanogaster embryos (see Methods). Dextran was injected
into the embryo, and the spreading pattern of fluorescence was
observed by using two-photon microscopy (11, 12) (see Fig. 1A).
These movies provide measurements of concentration vs. time at

Fig. 1. Diffusion of inert molecules in the Drosophila embryo. (A) Two-
photon image of a wild-type D. melanogaster embryo 8 min after injection of
fluorescently labeled dextran molecules at the mid-plane of the embryo. The
tip of the glass micropipette used for the injection is located at the anterior
pole (black asterisk on the left side of the image). Colored discs show areas
where fluorescence intensity was analyzed. (B) Changes in the fluorescence
intensity with time for the six color-corresponding discs in A, extracted from
a time series of images taken with a frame rate of 8 s. Solid lines represent the
time courses computed from the best fit of a numerical 3D diffusion model.
Note that 18 curves (6 per focal plane) are fit by the solutions of the same
diffusion equation, with only a single free parameter, the diffusion constant
D. (C) Diffusion coefficients of dextran molecules of different hydrodynamic
radii (red dots). The solid line represents diffusion coefficients expected from
the modified Stokes–Einstein relation (10), D & kBT!(6'(R) * b, with a viscosity
( & 4.1 + 0.4 cP and b & 6.2 + 1.0 !m2!s; dashed line is at the value of b.

18404 " www.pnas.org!cgi!doi!10.1073!pnas.0509483102 Gregor et al.
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abscissae x ! 15–85% egg length. A nonlinear Nelder–Mead
fitting procedure was used to estimate the parameters A, B, and
& for each embryo (13).

Results and Discussion
Testing the Diffusion Model. We measured the behavior of bio-
logically inert, f luorescently labeled dextran molecules in living
D. melanogaster embryos (see Methods). Dextran was injected
into the embryo, and the spreading pattern of fluorescence was
observed by using two-photon microscopy (11, 12) (see Fig. 1A).
These movies provide measurements of concentration vs. time at

Fig. 1. Diffusion of inert molecules in the Drosophila embryo. (A) Two-
photon image of a wild-type D. melanogaster embryo 8 min after injection of
fluorescently labeled dextran molecules at the mid-plane of the embryo. The
tip of the glass micropipette used for the injection is located at the anterior
pole (black asterisk on the left side of the image). Colored discs show areas
where fluorescence intensity was analyzed. (B) Changes in the fluorescence
intensity with time for the six color-corresponding discs in A, extracted from
a time series of images taken with a frame rate of 8 s. Solid lines represent the
time courses computed from the best fit of a numerical 3D diffusion model.
Note that 18 curves (6 per focal plane) are fit by the solutions of the same
diffusion equation, with only a single free parameter, the diffusion constant
D. (C) Diffusion coefficients of dextran molecules of different hydrodynamic
radii (red dots). The solid line represents diffusion coefficients expected from
the modified Stokes–Einstein relation (10), D & kBT!(6'(R) * b, with a viscosity
( & 4.1 + 0.4 cP and b & 6.2 + 1.0 !m2!s; dashed line is at the value of b.

18404 " www.pnas.org!cgi!doi!10.1073!pnas.0509483102 Gregor et al.

Gregor et al, 2005



Back to biology

17



Summary

18

• Development is a fascinating process

• Studying dynamic processes requires dynamics observations

• Fit the measurement to the solution of a diffusion equation


