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Development of spatial patterns in multicellular organisms de-
pends on gradients in the concentration of signaling molecules
that control gene expression. In the Drosophila embryo, Bicoid
(Bcd) morphogen controls cell fate along 70% of the anteropos-
terior axis but is translated from mRNA localized at the anterior
pole. Gradients of Bcd and other morphogens are thought to arise
through diffusion, but this basic assumption has never been
rigorously tested in living embryos. Furthermore, because diffu-
sion sets a relationship between length and time scales, it is hard
to see how patterns of gene expression established by diffusion
would scale proportionately as egg size changes during evolution.
Here, we show that the motion of inert molecules through the
embryo is well described by the diffusion equation on the relevant
length and time scales, and that effective diffusion constants are
essentially the same in closely related dipteran species with em-
bryos of very different size. Nonetheless, patterns of gene expres-
sion in these different species scale with egg length. We show that
this scaling can be traced back to scaling of the Bcd gradient itself.
Our results, together with constraints imposed by the time scales
of development, suggest that the mechanism for scaling is a
species-specific adaptation of the Bcd lifetime.
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ne of the classic challenges for models of embryonic

development is the problem of scaling: Although organisms
vary substantially in size, the variations in proportion are much
less significant, and in cases where the fully developed organism
has a segmented structure the number of segments often is
invariant across a wide range of sizes. In well studied systems
such as Drosophila, segmented structures have their origin in
spatially periodic patterns of gene expression that are visible at
early stages of embryonic development, and the emergence of
these patterns has been described, at varying levels of detail, in
terms of the diffusion and interaction of the relevant “morpho-
gen” molecules (1-3). In nonbiological systems governed by
similar equations, the spatial scale of patterns is set by local
parameters analogous to the diffusion constants and reaction
rates; hence, when we change the size of the system, the
dimensions of the stripes remain fixed and the number of stripes
changes (4). How then are we to understand the scaling of
segment size and the conservation of their number in the
biological case? Here, we use Drosophila melanogaster and a set
of closely related dipteran species as model systems in which to
address this problem.

Anteroposterior patterning in the Drosophila embryo is
controlled by gradients in the concentration of maternal gene
products that arise soon after fertilization. These protein
molecules establish broad domains of gene expression that
interact to establish final segmentation. One of the best
studied maternal determinants in Drosophila is bicoid (bcd)
(5). Bed RNA is deposited during oogenesis at the anterior
pole of the egg. After fertilization, the RNA is translated and
a Bcd protein gradient is established along the anteroposterior
axis of the egg. Subsequently, Bed acts as a transcription factor,
regulating genes such as hunchback, kriippel, and even-skipped
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in a concentration-dependent manner (6), and these gene
products feed into a regulatory circuit that generates striped
patterns of expression of the gap and pair rule genes (cf.
Fig. 2).

The Bcd gradient is established in a syncytium, where nuclei
replicate without intervening cell division (7), and the size of the
embryo stays constant, so that pattern formation is independent
of growth. The absence of cell membranes would seem to
provide an ideal environment for diffusion-based gradient for-
mation. On the other hand, visual observation of the developing
embryo reveals contractions of the egg cortex and large-scale
cytoplasmic motions occurring with each mitotic cycle, raising
questions about whether the relevant movement of any molecule
can be described by simple diffusion.

Parallel to the question of whether diffusion is a good de-
scription of molecular motion in the embryo is the question of
scaling. Certainly, related species of flies have similarly scaled
proportions in their body plans, but relatively little is known
about the underlying pattern of gene expression in the embryo.
One can imagine, for example, scaling of body plan without
scaling of the Bed gradient itself, by changing the rules that the
downstream genes use in responding to this gradient.

Here, we address both questions. To test the validity of the
diffusion model, we use microinjections of inert, fluorescent
molecules to probe and measure diffusive properties of em-
bryonic cytoplasm of various dipteran species. To test for
scaling, we use immunofluorescence stainings to compare Bed
gene expression profiles in those species. Our findings show
that these different measurements, taken together, strongly
constrain models for the formation and readout of the Bcd
gradient.

Methods

Antibody Staining. Embryos were selected from early interphase
of cell cycle 14, i.e., before significant membrane invagination,
and the images were focused at mid-embryo to avoid geometric
distortion. All species were stained with antibodies raised
against D. melanogaster (8). For the Lucilia sericata and D.
melanogaster embryos in Fig. 24, we used rabbit anti-paired,
guinea pig anti-runt, guinea pig anti-hunchback, and rat
anti-giant. For the D. melanogaster and Drosophila busckii
embryos in Fig. 2B, we used rat anti-hunchback and guinea pig
anti-runt. Images were taken with a Zeiss LSM510 confocal
microscope, with Zeiss X10 (N.A. 0.45) and X20 (N.A. 0.6) air
objectives.

Diffusion Measurements. Dextran particles were purchased from
Molecular Probes (10, 40, and 70 kDa) and Sigma-Aldrich (150
kDa). Corresponding hydrodynamic radii, r5, were taken from
ref. 9 and ref. 10, respectively. Calibrated volumes of ~4-5 pl
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were pressure-injected with pulled borosilicate capillaries (back-
filled with 10 uM solutions of dextran powder dissolved in
dH,0) 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 X25
(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 reflecting 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 wm 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 fluorescence
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).

Becd 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 (7ii) all images were taken with the same microscope settings
in a single acquisition cycle.

In the simplest model (14), Bed protein diffuses through the
embryo and decays with a lifetime 7. The spatiotemporal dy-
namics of the concentration profile are determined by

dc(7, t)

1
_ 2 (> e
o DV=c(#, 1) . c(r, 1), [1]

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

1
szcss(?) = ; Css(;)- [2]

If there is a source (translation of maternal RNA) atx = 0 and
no variations along the dorsal-ventral direction, then the
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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 8s. 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 = kgT/(67mR) + b, with a viscosity
n=4.1%*0.4cPandb =6.2 = 1.0 um?/s; dashed line is at the value of b.

solution, projected along the anteroposterior axis, is cs(¥) =
A exp(—x/A), where A = VD, and the constant A is set to
match the diffusive flux to the translation rate at x = 0; this
solution is valid if L /A >> 1, as observed. Identifying staining
intensity as proportional to concentration, and allowing for
background fluorescence B, the raw data of Bed immunoflu-
orescence intensities were fitted by I = 4 exp(—x/A) + B for
abscissae x € 15-85% egg length. A nonlinear Nelder-Mead
fitting procedure was used to estimate the parameters 4, B, and
A for each embryo (13).

Results and Discussion

Testing the Diffusion Model. We measured the behavior of bio-
logically inert, fluorescently 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. 14).
These movies provide measurements of concentration vs. time at
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Table 1. Effective diffusion constants, D of dextran molecules of
different sizes in D. melanogaster

Molecular

mass, kDa rs, NM N D, um2/s
10 2.3 11 29.1 £ 4.2
40 4.5 20 17.6 = 1.8
70 5.9 8 153+ 1.4

150 9.0 5 129 + 34

The sample size N refers to the number of diffusion experiments analyzed.

many spatially separated locations. If the underlying molecular
motion is in fact diffusive, then these dynamics at each location
will be fit by the solution of the diffusion equation, with only a
single free parameter (the diffusion constant itself) that can be
chosen to fit all of the data. Although the data were roughly
consistent with analytic predictions for diffusion along one
dimension, for quantitative analysis we used numerical calcula-
tions in realistic 3D geometries to more accurately model the
expected concentration dynamics (see Methods). Fig. 1B indi-
cates that concentration changes on the length and time scales
relevant for development are well described by the diffusion
equation and hence that the molecular motion can be approx-
imated by random walks.

If random molecular movement is due to Brownian motion
(passive diffusion), then it is governed by the Stokes—Einstein
relationship: diffusion coefficients decrease inversely with
increasing molecular radius. To test this relationship, we
measured diffusion constants for dextran molecules of four
different nominal molecular masses (Table 1). Fig. 1C shows
a good fit of the Stokes—Einstein relation to our data with an
effective cytoplasmic viscosity of 4.2 ¢cP (1P = 0.1 kg'm~1s71),
four times higher than water. This is well within the range of
viscosities reported in other systems (15, 16). We also observe
a constant, radius-independent contribution to the diffusion
constant (the parameter b in the legend to Fig. 1C), as noted
previously (10). This is consistent with a random “stirring” of
the cytoplasm and is ~25% of the total at molecular masses of
55 kDa, the molecular mass of Bed. This would represent an
active, and hence biologically controllable, contribution to the
dynamics of molecular motion. Although this enhances the
effective diffusion constant, our experiments show that it does
not invalidate the description of the dynamics by the diffusion
equation.

Scaling of Gene Expression Profiles. The above results make
plausible that spreading of Bed from its localized source, and
hence the generation of the primary anteroposterior gradient,
will be described by the diffusion equation. However, diffu-
sion-based models provide no natural mechanism for gener-
ating spatial patterns that scale with the size of the egg.
Specifically, in systems where patterns emerge through a
combination of diffusion and biochemical reactions, the dif-
fusion constant and reaction rates determine an absolute
length scale. Thus, when the size of the system changes, the
spacing of the pattern elements would remain fixed (4).
Although Bcd is conserved across >100 million years of
dipteran evolution (17), the eggs of closely related species vary
over at least a factor of five in length (Table 2). Despite these
changes in size, the stripe-like patterns of gap and pair-rule
genes scale with egg length, as is clear qualitatively in Fig. 2.
As a quantitative example of this scaling, the point of half
maximal hunchback expression is at 45 = 6% egg length in L.
sericata and at 48 = 3% in D. melanogaster, so that the absolute
positions of this boundary are changing in proportion to egg
length over a nearly threefold range.
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Table 2. Effective diffusion constants of 40-kDa dextran
molecules in dipteran species

Species (mean egg length) N D, pm?2/s
D. busckii (344 pm) 145 = 3.8
D. melanogaster (485 pm) 20 176 £ 1.8
L. sericata (1,170 um) 6 228 1.5
C. vicina (1,420 pm) 4 203 +1.3

In D. melanogaster, the expression patterns illustrated in Fig.
2 reflect and depend on the underlying distribution of Bed (17).
We can envision two very different mechanisms for generating
scaled versions of these profiles in the species with larger
embryos. First, the Bed gradient could stay the same, and the
cis-acting control sites of downstream genes could have adapted
over evolution so that specific genes are activated by lower
concentrations of Bed in species with larger eggs. Alternatively,
the Bed gradient itself could scale, while the readout mecha-
nisms encoded in the control sites of downstream genes are
conserved across species.

To distinguish between these possibilities, we examined Bed
protein profiles from images of immunofluorescently stained
embryos in L. sericata, D. melanogaster, and D. busckii embryos
(Fig. 34; see Methods). In Fig. 3B Upper, we show Bced profiles
from multiple embryos of each species, and in Fig. 3B Lower, we
show the same data but with the x axis normalized by embryo
length for each individual. Bed protein extends farther in the
larger eggs; however, when scaled to egg size, the Bed gradients
for the different species overlay one another.

For each embryo in all species studied, the apparent concen-
tration of Bced vs. position has an exponential form, c(x) o«
exp(—x/A), which is consistent with the simplest model of
diffusion and degradation (see Methods). Here, A is a charac-
teristic length; rapidly (slowly) decaying gradients have a short
(long) A. In a scatter plot of A vs. egg length (Fig. 3C), we see that
the large variations of egg length across species are associated
with changes in absolute values of A. Within each species, we
observe significant embryo-to-embryo variability, as reported
previously for D. melanogaster (14), indicating that individual egg

Fig. 2. Immunofluorescence stainings for products of the gap and pair-rule
genes in higher diptera. (A) Immunofluorescence staining of L. sericata (upper
embryos) and D. melanogaster (lower embryos) for Hunchback (green) and
Giant (red) in the left column, and for Paired (green) and Runt (red) in the right
column. (B) Anti-Hunchback (green) and anti-Runt (red) immunofluorescence
staining of D. melanogaster (upper embryo) and D. busckii (lower embryo).
(Scale bars: 100 um.)
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Fig. 3. Scaling of Bcd profiles. (A) Typical confocal images of Bcd immuno-

fluorescence staining for L. sericata (top), D. melanogaster (middle), and D.
busckii (bottom). The focal plane is at mid-embryo and top-embryo in the left
and right columns, respectively. (Scale bar: 100 um.) (B) Intensity profiles of
Bcd fluorescence of 27 L. sericata (blue), 35 D. melanogaster (red), and 18 D.
busckii (green) embryos. The abscissa in Upper is absolute; the abscissa in
Lower is relative to egg length. (C) Length constants A as a function of egg
length for L. sericata (blue), D. melanogaster (red), and D. busckii (green). (D)
Cumulative probability distributions of length constants A for L. sericata
(blue), D. melanogaster (red), and D. busckii (green). Asterisks indicate the
means of the three distributions.

size does not feed back on the shape of the individual gradients.
The adjustment in average A across species, however, achieves
almost perfect scaling. The distributions of length constants in
units of embryo length are nearly identical in all species (Fig.
3D), and in particular the mean values for these distributions
agree within 2%. Thus, we conclude that the scaling of zygotic
gene expression (Fig. 2) has its origins in scaling of the primary
Bced gradient.

Mechanisms of Scaling. How is scaling of the Bicoid gradient
achieved? In the simplest model, the length constant A = VD,
where 7 is the protein lifetime (see Methods). The active con-
tribution to the effective diffusion constant D that we have
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identified above raises the possibility that total effective diffusive
transport itself can be adjusted across species. To test this
possibility, we injected 40-kDa dextran molecules into eggs of D.
busckii, L. sericata, and Calliphora vicina. Table 2 shows a
summary of our results: the diffusion constants in the different
species vary only slightly. There is a tendency for increased
diffusivity and decreased variability with increasing egg length,
but the increase does not scale with egg size.

Given our diffusion and length constant measurements, 7
has to scale across species, and hence the Bced lifetime would
range from 7 = 3 min in D. busckii to 7 = 32 min in L. sericata.
These values represent a lower bound on 7, because the real
diffusion constant of Bed protein could still be modulated
across species in ways that would not be detected in experi-
ments with inert molecules, e.g., by binding to immobile
proteins. But such mechanisms usually are associated with a
slowing down of diffusion (18), and this is problematic: lower
diffusion constants require longer protein lifetimes to achieve
the same values for A. Because relaxation to steady state
requires a time >>>7, large eggs would need more time to
produce stable gradients.

To test the plausibility of these time scales, we observed the
developmental sequence in all these species. The number of
nuclei, Ny, is roughly constant across species, 1022 Npye =
12.8 = 0.2 (mean * SD), implying that all species undergo 13
nuclear divisions after fertilization. We found that they show
remarkably similar time courses, with 9- to 20-min cleavage
cycles, a pause to cellularize at 2 h postfertilization, and gastru-
lation after 3 h at 25°C, as is well documented for D. melanogaster
(7). Thus, the Bed lifetimes required to generate scaling of A are
near the limit of what is possible for the larger embryos, even
assuming that diffusion is unhindered. Within the simplest
model, then, essentially unhindered diffusion with a species-
specific adaptation of the Bed lifetime seems to be the only viable
explanation of scaling.

Bcd lifetimes could be adjusted in several different ways. First,
the different sequences of Bed in different species could directly
influence the susceptibility of the protein to degradation. Second,
different species could adjust the activity of the degradation ma-
chinery so as to modulate the Bced lifetime. Finally, degradation
could be occurring in a significantly nonuniform fashion, so that the
effective Bed lifetime becomes sensitive to the embryo geometry.
As an example, if degradation occurs dominantly within nuclei, then
the effective lifetime depends on the density of nuclei, and our
observation that the number of nuclei is fixed across species implies
that this density will scale with embryo size.

Conclusion

Our results indicate that scaling of body plans during the evolution
of higher diptera can be traced back to scaling of spatial patterns in
the expression of morphogens and to the primary anteroposterior
gradient in Bed itself. This systematic scaling across species stands
in contrast to the absence of scaling of the Bed gradient among
individual D. melanogaster eggs of different sizes. Passive diffusion
constants for Bed-sized molecules do not vary significantly across
species, nor do the time scales of development. Indeed, given these
time scales, pattern formation based on diffusible morphogens
would be physically impossible in embryos much larger than C.
vicina. Of the many possible mechanisms for scaling, the only one
that is consistent with our data is variation in the effective lifetime
of the Bed protein itself.
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