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internal solution containing 140 mM KCI, 2 mM MgCl,, 10 mM EGTA, 10 mM HEPES at
pH 7.2. The external solution was Leibovitz’s L-15 (Gibco) containing 136 mM NaCl,
5.8 mM NaH,POy, 5.4 mM KCl, 1.3 mM CaCl,, 0.9 mM MgCl, at pH 7.2. Osmolarity was
adjusted to 300 mosM 1~". Motility was measured and calibrated using an electro-optical
method in which the cell’s ciliated pole was imaged through a rectangular slit onto a
photodiode®.

In vivo functional assays

For ABR, DPOAE and CM measurements, mice were anaesthetized with xylazine and
ketamine. ABRs and DPOAEs were obtained from one set of animals; CMs from a second
set. For ABR, needle electrodes were inserted at vertex and pinna. ABR and CM were
evoked with 5-ms tone pips (0.5-ms rise—fall, with a cos” envelope, at 35 per s). The
response was amplified ( X 10,000), filtered (0.1-3 kHz), and averaged with an A/D board
in a PC-based data-acquisition system. Sound level was raised in 5-dB steps from 0 to
90 dB SPL. At each level, 1,024 responses were averaged (with stimulus polarity alternated)
after ‘artefact rejection’. Threshold was determined by visual inspection. For CM a silver-
wire electrode was placed on the round window membrane. Responses to alternating pip
polarities were subtracted, and the resultant waveform was digitally high-pass filtered to
remove residual uncancelled neural potentials. The DPOAE at 2f; — f, was recorded in
response to two primary tones: f; and f,, with {5 /f1 = 1.2 and the f; level 10 dB lower than
the f level. Ear-canal sound pressure was amplified and digitally sampled at 4-p.s intervals.
Fast-Fourier transforms were computed from averaged waveforms of ear-canal sound
pressure, and the DPOAE amplitude at 2f; — f, and surrounding noise floor were
extracted. Iso-response contours were interpolated from plots of amplitude versus sound
level, performed in 5-dB steps of f; level. Threshold is defined as the f; level required to
produce a DPOAE at 0 dB SPL.
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Developmental patterning relies on morphogen gradients, which
generally involve feedback loops to buffer against perturbations
caused by fluctuations in gene dosage and expression’. Although
many gene components involved in such feedback loops have
been identified, how they work together to generate a robust
pattern remains unclear. Here we study the network of extra-
cellular proteins that patterns the dorsal region of the Drosophila
embryo by establishing a graded activation of the bone morpho-
genic protein (BMP) pathway. We find that the BMP activation
gradient itself is robust to changes in gene dosage. Compu-
tational search for networks that support robustness shows
that transport of the BMP class ligands (Scw and Dpp) into the
dorsal midline by the BMP inhibitor Sog is the key event in this
patterning process. The mechanism underlying robustness relies
on the ability to store an excess of signalling molecules in a
restricted spatial domain where Sog is largely absent. It requires
extensive diffusion of the BMP-Sog complexes, coupled with
restricted diffusion of the free ligands. We show experimentally
that Dpp is widely diffusible in the presence of Sog but tightly
localized in its absence, thus validating a central prediction of our
theoretical study.

Graded activation of the BMP pathway subdivides the dorsal
region of Drosophila embryos into several distinct domains of gene
expression. This graded activation is determined by a well-charac-
terized network of extracellular proteins>’, which may diffuse in the
perivitelline fluid* that surrounds the embryo (Fig. la). The
patterning network is composed of two BMP class ligands (Scw
and Dpp), a BMP inhibitor (Sog), a protease that cleaves Sog (Tld)
and an accessory protein (Tsg), all of which are highly conserved in
evolution and are used also for patterning the dorso-ventral axis of
vertebrate embryos®. Previous studies have suggested that pattern-
ing of the dorsal region is robust to changes in the concentrations of
most of the crucial network components. For example, embryos
that contain only one functional allele of scw, sog, tld or tsg are viable
and do not show any apparent phenotype. Misexpression of scw or
of tsg also renders the corresponding null mutants viable®™®.

To check whether robustness is achieved at the initial activation
gradient, we monitored signalling directly by using antibodies that
recognize specifically an activated, phosphorylated intermediate of
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the BMP pathway (pMad)>'°. Prominent graded activation in the
dorsal-most eight cell rows was observed for about 1h, starting
roughly 2h after fertilization at 25°C (ref. 11 and Fig. 1b). We
quantified this activation gradient in heterozygous mutants that
were compromised for one of three of the crucial components of the
patterning network, Scw, Sog or Tld. Whereas homozygous null
mutants that completely lack the normal gene product have a
deleterious effect on signalling"', the heterozygotes, which should
produce half the amount of the gene product, were indistinguish-
able from wild type (Fig. 1c). Similarly, overexpression of the Tld
protein uniformly in the embryo did not alter the activation profile
(Fig. 1c). The activation profile at 18 °C was the same as that at 25 °C
(Fig. 1d). This robustness to temperature variations is marked,
considering the wide array of temperature dependencies that are
observed in this temperature span. By contrast, the profile of pMad
was sensitive to the concentration of Dpp'' (Fig. 1d). The dosage
sensitivity of Dpp is exceptional among morphogens and is singled
out as being haploid-insufficient'.

No apparent transcriptional feedback, which might account for
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Figure 1 Robustness of the pMad activation profile. a, Cross-section of an early
Drosophila embryo (~2 h after egg lay) showing the three distinct domains of gene
expression. Starting at stage 5, the dorsal domain, which comprises about 50 cells, is
subdivided to form the amnioserosa and the dorsal ectoderm. Shown are the genes of the
patterning network: Scw and Dpp are two activating BMP class ligands; Sog is an inhibitor
of both ligands; Tsg is required for Sog inhibition of Dpp; and Tld is a protease that cleaves
Sog. Note that dpp, tld and tsg are expressed only in the dorsal region (DR), whereas
expression of sog s restricted to the neuroectoderm (NE) and scwis expressed by all cells.
M, mesoderm. b, Activation of the BMP pathway, which induces different cell fates in the
dorsal region, visualized by antibodies against pMad. The activation profile is shown in a
dorsal view of a wild-type embryo at stage 5. Activation is graded and peaks at the dorsal
midline. The pattern of pMad widens at the termini of the embryo, possibly owing to edge
effects that modify patterning. Our analysis is focused on the centre of the embryo, where
the variability between different embryos is limited (~2 cells). ¢, Normalized activation
profile of wild-type embryos (averaged over n = 11 embryos) compared with that of three
sets of heterozygous mutants containing half the amount of Scw (n = 23), Sog (n = 14)
and TId (n = 11). The activation profile of embryos overexpressing the Tld protein
uniformly around the embryo, using the Mata:4—Gal4 driver, is also shown (n = 33). All
embryos were collected at 25 °C. d, Activation profiles at 25 °C and 18 °C (n = 41). This
temperature variation is biologically significant, as development is about two times slower
at 18°C than at 25°C. Embryos were collected at different times but at the same
developmental stage for the two temperatures. Shown also is the activation profile of an
embryo carrying three copies of the dpp gene.
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the robustness of dorsal patterning, has been identified so far.
Robustness should thus be reflected in the design of interactions
in the patterning network. To identify the mechanism underlying
robustness, we formulated a general mathematical model of the
dorsal patterning network. For simplicity, our initial analysis was
restricted to a single BMP class ligand (Scw or Dpp), a BMP
inhibitor (Sog) and the protease (Tld). The general model
accounted for the formation of the BMP-Sog complex, allowed
for the diffusion of Sog, BMP and BMP-Sog, and allowed for the
cleavage of Sog by Tld, both when Sog is free and when Sog is
associated with BMP. Each reaction was characterized by a different
rate constant. The three reaction—diffusion equations that define
this model are given in the Methods.

We carried out extensive simulations to identify robust networks.
At each simulation, a set of parameters (rate constants and protein

Box 1
Mechanism underlying robustness

We consider an idealized patterning network that consists of a single
BMP (Scw for simplicity), Sog and Tld. Robustness will be manifested in
the steady-state distribution of Scw. We assume that free Scw does not
diffuse and that free Sog is not cleaved. The set of reaction—diffusion
equations defining this network is obtained from equations 1-3
(Methods), by setting Dgyip = as = k-, = 0. At steady-state, the system
can then be reduced to a single equation:

0= V?(Scw] ') - 2/,2 ()
where /g = 2Ds /ky, Ds is the diffusion coefficient of Sog and k, is the
binding rate of Sog to Scw. Thus, although free Scw does not diffuse,
the system is tuned for providing it with an effective diffusion. Two
processes govern this effective diffusion: the shuttling of Scw by Sog
from the circumference of the embryo into the dorsal midline, and the
degradation of Sog by Tld in the dorsal region. Although both
processes depend on the amounts of the respective proteins, those
concentrations do not appear in the effective Scw diffusion. The key to
this quantitative adjustment is the fact that both processes are
mediated by the complex Sog—-Scw: only the complex, and not free
Scw, can diffuse, and only the complex is subject to degradation by
Tid.

The concentrations of the network components, Scw, Sog and Tid

could still affect the steady-state activation gradient through the

boundary conditions. The solution of equation (1) is given by
2

f
[Sowo)] = 52— iaZ @)

where x = 0 at the dorsal midline and ¢ is an integration coefficient. In
general, the value of & will depend on most parameters of the system,
including the concentrations and the production rates of the network
components Scw, Sog and Tld, leading to a nonrobust distribution of
Scw. Examining equation (2), however, we note that the only way to
accommodate high concentrations of Scw is by placing Scw ina small
region surrounding the dorsal midline where Sog is absent, in other
words, by setting e to 0. Thus, for large enough concentrations of Scw,
& vanishes and we obtain a robust Scw profile:
2

[Sew(x)] =)/(—2 (©)
for every position of x that is far enough from the dorsal midline, in other
words, x = &. Indeed, the concentrations of network components have
disappeared from this equation of the activation profile, which reflects
the robustness of the system. Finally, we note that the same mechanism
generates the gradient of the second BMP (Dpp). We assume,
however, that Dpp binds Sog only when the latter is bound to Tsg. Thus,
the same formalism is applied but with the molecular entities Dpp,
Sog-Tsg (instead of Sog) and the complex Dpp-Sog-Tsg (instead of
Scw-Sog). The details and precise conditions necessary for
robustness are given in the Supplementary Information.
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concentrations) was chosen at random and the steady-state acti-
vation profile was calculated by solving equations (1) to (3)
numerically. A set of three perturbed networks representing hetero-
zygous situations was then generated by reducing the gene dosages
of sog, tld or the BMP class ligand by a factor of two. The steady-state
activation profiles defined by those networks were solved numeri-
cally and compared with the initial, nonperturbed network. A
threshold was defined as a given BMP value (corresponding to the
value at a third of the dorsal ectoderm in the nonperturbed
network). The extent of network robustness was quantified by
measuring the shift in the threshold for all three perturbed net-
works. Over 66,000 simulations were carried out, with each of the
nine parameters allowed to vary over four orders of magnitude.
As expected, in most cases (97.5%) the threshold position in
the perturbed networks was shifted by a large extent (>50%; see
Fig. 2a). In most of those nonrobust cases, the BMP concentration
was roughly uniform throughout the dorsal region (Fig. 2c). By
contrast, Sog was distributed in a concentration gradient with its
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Figure 2 Patterning mechanism emerges from the features of the robust networks. The
general model of the dorsal patterning network was solved numerically for 66,000
different choices of parameters, with each parameter ranging over four orders of
magnitude. a, A typical, nonrobust network. The profile of free BMP (unbroken curves) is
shown for the nonperturbed network and for three perturbed networks representing
heterozygotes for sog, tld and BMP (see Fig. 1c for a key to the lines).The total
concentration of BMP (free plus Sog-associated) is indicated by the grey line (arrow). The
broken grey line (T) indicates the threshold where robustness was measured. b, A typical
robust system. e—f, Statistical distribution of various features in the robust (black) and
nonrobust (white) networks. The analysis was restricted to the 22,000 networks that
showed at least twofold spatial variation of free BMP concentration. Each feature was
calculated for each of the networks, and the histograms were normalized to account for
the different numbers of robust (198) and nonrobust (22,000) networks. ¢, The extent of
BMP confinement to the dorsal midline was quantified by measuring the ratio between
total BMP concentration (free plus Sog-associated) at the centre and its average
concentration. In all of the robust cases, a high ratio (>10) was observed. By contrast, the
low ratios observed in the nonrobust cases indicated that BMP was distributed
approximately uniformly. d, The steady-state profile of free BMP was fit to a power-low
distribution, x ~". Nearly all robust profiles corresponded to n = 2, indicating the
uniqueness of the robust solution. By contrast, a wide range of exponents were found for
the nonrobust solution. The fitting error vanished in the robust cases, but was high in the
nonrobust cases (not shown). e, Ratio between the diffusion coefficient of free BMP

(D gwp) and the complex BMP-Sog (D gup-sog). Note that complex formation significantly
enhances BMP diffusion in all robust cases. f, Ratio of the degradation rate of free Sog ()
to that of BMP-associated Sog (N). Note that complex formation greatly enhances Sog
degradation in all robust cases.
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minimum in the dorsal midline, defining a reciprocal gradient of
BMP activation. Thus, the key event in this nonrobust patterning
mechanism was the establishment of a concentration gradient of
Sog, which was governed by diffusion of Sog from its domain of
expression outside the dorsal region, coupled with its cleavage by
TId inside the dorsal region. Although such a gradient has been
observed”, it is also compatible with other models (see below).

We identified a small class of networks (198 networks, 0.3%) in
which a twofold reduction in the amounts of all three genes resulted
in a change of less than 10% in the threshold position (see Fig. 2b).
Notably, in all of these robust cases, BMP was redistributed in a
sharp concentration gradient that peaked in the dorsal midline (Fig.
2¢). In addition, this concentration gradient decreased as a power-
low distribution with an exponent n = 2, which indicated the
uniqueness of the robust solution (Fig. 2d). In these cases, Sog
was also distributed in a graded manner in the dorsal region (data
not shown). Analysis of the reaction rate constants of the robust
networks showed a wide range of possibilities for most parameters.
But two restrictions were apparent and defined the robust network
design. First, in the robust networks the cleavage of Sog by Tld was
facilitated by the formation of the complex Sog-BMP (Fig. 2f).
Second, the complex BMP-Sog was broadly diffusible, whereas free
BMP was restricted (Fig. 2e).

To identify how robustness is achieved, we considered an ideal-
ized network by assuming that free Sog is not cleaved and that free
BMP does not diffuse. The steady-state activation profile defined by
this network can be solved analytically (Box 1), which reveals the
two aspects that are crucial for ensuring robustness. First, the BMP—
Sog complex has a central role, by coupling the two processes that
establish the activation gradient: BMP diffusion and Sog degra-
dation. This coupling leads to a quantitative buffering of pertur-
bations in gene dosage. Second, restricted diffusion of free BMP
enables the system to store excess BMP in a confined spatial domain
where Sog is largely absent. Changes in the concentration of BMP
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Figure 3 Properties of the robust model. a, b, The steady-state concentrations of
receptor-bound Scw and Dpp. Six altered systems were obtained from a reference system
by reducing to half the amounts of scw, sog, tid (see Fig. 1c for a key to the lines), dpp
(unbroken grey line), Scw receptor (dotted line), tsg (superimposed on the solid line) and
by increasing by 50% the amount of dpp (grey dashed line). The level and position of the
threshold used in ¢ and d are indicated. ¢, d, The positions of the activation thresholds of
Scw () and Dpp (d) for a series of altered systems, obtained by changing a single
parameter by the indicated fold amount. e, Time to reach steady state as a function of the
fold change in parameter values. Time is initiated with the onset of ligand production.
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dpp

Figure 4 Dpp diffusion requires Sog and Tsg. Dpp was expressed orthogonal to the dorso-
ventral axis by the eve st2enhancer in a stripe of about 12 cells at early cleavage cycle 14
(@), which refines to about 6 cells by late cycle 14 (lateral views, b). Note that ectopic
amounts of app were greater than the endogenous transcripts in the dorsal region, which
under these exposures were not visible. ¢, Normal pattern of race in wild-type embryos.
Note the AP bias in the anterior positions (arrowheads). d, Normal pattern of pMad in wild-
type embryos. e, Expression of st2—dpp in wild-type embryos leads to an expanded
expression of race, which forms a wedge shape with its broadest region at the position of
st2-dpp (arrow) and ranges about 25 cells posteriorly (asterisk). The normal pattern of
race shows an AP bias at the anterior positions (arrowheads). f, st2-dpp in wild-type
embryos also leads to a broader dorsal distribution of pMad, which extends throughout the
AP axis. g, In sog '~ embryos, the anterior race domain expands (arrowheads), whereas
posterior expression is diminished and detected only sporadically as a punctate staining.
Some expansion of race was observed in sog ™'~ embryos, probably due to the higher
threshold of race induction compared with pMad. h, In sog ~/~ embryos, pMad expands
in the dorsal domain, but does not reach the ventral domain. i, Expression of st2-dpp in
s0g '~ embryos leads to a corresponding stripe of race of about 10-12 cells (arrow).
J, st2=dppin sog =/~ embryos generates a corresponding stripe of pMad (arrow), which
extends to the ventral region. The ventral expansion of pMad versus the restricted dorsal
expansion of race in embryos of the same genotype indicates that a lower threshold of
activation can induce pMad even in the ventral domain, which is devoid of endogenous
Dpp. Main view is ventral, inset is lateral. k, I, The patterns of race and pMad in tsg /'~
embryos are similar to sog ~/~ embryos. m, n, st2-dpp in tsg -/ generates a
corresponding stripe of both race and pMad, similar to that observed on expression of
st2-dpp in sog ~’~ embryos. Main view in n is ventral, inset is lateral. Except where
stated otherwise, a dorsal view is shown with anterior to the left.
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alter the BMP profile close to the dorsal midline but do not change
its distribution in most of the dorsal region (Box 1).

We next examined the complete system, comprising Sog, Tld,
Tsg, both Scw and Dpp, and their associated receptors (Supplemen-
tary Information). Two additional molecular assumptions were
required to ensure the robustness of patterning. First, Sog can
bind and capture the BMP class ligands even when the latter are
associated with their receptors. Second, Dpp can bind Sog only
when the latter is bound to Tsg. Indeed, it has been shown that,
whereas Sog is sufficient for inhibiting Scw, both Tsg and Sog are
required for inhibiting Dpp®'*'®. This last assumption implies that
Tsg functions to decouple the formation of the Scw gradient from
the parallel generation of the Dpp gradient, ensuring that Scw and
Dpp are transported to the dorsal midline independently by two
distinct molecular entities (Supplementary Information).

The complete model was solved numerically for different choices
of rate constants. In particular, we assessed the effect of twofold
changes in gene dosage. The steady-state activation profiles can be
superimposed, indicating the robustness of the system (Fig. 3a, b). In
addition, with the exception of Dpp, the expression of all other crucial
network components can be altered by at least an order of magnitude
before an effect on the position of a given threshold is observed
(Fig. 3¢, d). In the model, the lack of robustness to Dpp stems from its
insufficient dosage. Note that the time taken to reach steady state is
sensitive to these concentrations of protein (Fig. 3e). For the wide
range of parameters that we have used, however, the adjustment time
does not exceed the patterning time. Flexible adjustment time thus
facilitates the buffering of quantitative perturbations.

As discussed above, our analysis identified two principle mol-
ecular features that are essential for robust network design: first, free
Sog is not cleaved efficiently—an assumption that is supported by
the in vitro finding that Sog cleavage by Tld requires BMP*'%;
second, the diffusion of free BMP is restricted. This is the central
prediction of our theoretical study, namely, that Scw diffusion
requires Sog, whereas Dpp diffusion requires both Sog and Tsg.
Although several reports suggest that in wild-type embryos both
Dpp and Scw are widely diffusible®’, their ability to diffuse in a sog
or ts¢ mutant background has not been examined as yet.

To monitor the diffusion of Scw or Dpp, we used the even-skipped
(eve) stripe-2 enhancer (st2) to misexpress Dpp or Scw in a narrow
stripe perpendicular to the normal BMP gradient. In transgenic
embryos, dpp or scw RNA was detected in a stripe just posterior to
the cephalic furrow. Initially the stripe was about 12 cells wide at
early cleavage cycle 14, but refined rapidly to about 6 cells by late
cycle 14 (Fig. 4a, b). The st2—dpp and st2—scw embryos were viable,
despite the high expression of these proteins as compared with their
endogenous counterparts.

The activation of the BMP pathway was monitored either by
staining for pMad or by following dorsal expression of the target
gene race, which requires high activation. Scw is a less potent ligand
than is Dpp. This experimental setup could not be used to study Scw
diffusion properties because expressing st2—scw did not alter the
pattern of pMad or race expression in wild-type or sog '~ embryos
(data not shown). By contrast, expression of st2—dpp led to an
expansion of both markers in a region that extends far from the s¢2
expression domain, indicating a wide diffusion of Dpp in a wild-
type background (compare Fig. 4c, d with 4e, f). Conversely, on
expression of st2—dpp in sog '~ orin tsg '~ embryos, both markers
were confined to a narrow stripe in the st2 domain (compare Fig. 4g,
h and k, | with 4i, j and m, n, respectively). The width of this stripe
was comparable to that of st2—dpp expression, ranging from 6 to 12
cells, indicating that Dpp does not diffuse from its domain of
expression in the absence of Sog or Tsg. Taken together, these results
show that both Sog and Tsg are required for Dpp diffusion, as
predicted by the theoretical analysis.

The computation ability of biochemical networks is striking
when one considers that they function in a biological environment
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where the amounts of the network components fluctuate, the
kinetics is stochastic, and sensitive interactions between different
computation modules are required. Studies have examined the effect
of these properties on cellular computation mechanisms'®*, and
robustness has been proposed to be a ‘design principle’ of bio-
chemical networks'®*'. We have shown the applicability of this
principle to morphogen gradient patterning during early develop-
ment. Quantitative analysis can be used to assess rigorously the
robustness of different patterning models and to exclude incompa-
tible ones. The remaining, most plausible model points to crucial
biological assumptions and serves to postulate the central feedback
mechanisms. Applying the same modelling principles to other
systems might identify additional ‘design principles’ that underlie
robust patterning by morphogen gradients in development. ]

Methods

Fly strains

We used the following strains: screw'?, sog°®, tolloid?, tolloid’, UAS—tld (provided by

M. O’Connor), Mata4—Gal4 VP16 (provided by D. St. Johnston) and tng556 (provided by
L. Marsh). For altering the number of copies of dpp, we used the strain dpp"**® sp cn bw/
CyO 23P[dpp™] (provided by S. Roth), which was crossed to wild-type flies. The mutant
chromosomes were maintained over a balancer chromosome. When each strain is crossed
to itself, two-thirds of the embryos not showing the null phenotype should be
heterozygotes for scw and tld, and a third for sog. The st2—dpp strain has been described"’.
We constructed st2—scw by inserting a scw cDNA fragment into plasmid 22FPE (ref. 22).

Antibodies and staining

Rabbit antibodies against pMad were kindly provided by P. ten Dijke. Freshly collected
embryos were fixed in 7% formaldehyde. The remaining steps of staining were done
according to standard procedures. We used Cy2-conjugated secondary antibodies against
rabbit IgG (Jackson ImmunoResearch).

Data analysis

The dorso-ventral activation profile was quantified by using image processing tools
written in Matlab. The mean intensity was measured at the middle of the anterior—
posterior (AP) axis in a swath that was 20 cells wide in the direction of the AP axis. We then
averaged the results over the indicated number of embryos.

Numerical simulations

For the general patterning model we considered a single BMP, which is denoted here as
Scw. The model was defined by the following set of reaction—diffusion equations:

% = Ds Vz[Sog] — kp[Sog][Scw] + k-1, [Sog-Scw] — o[ T1d][Sog] (1)
a[?;w] = Diup V2[Scw] — ky[Sog][Scw] + A[TId][Sog-Scw] + k_p [Sog—Scw]  (2)
9[Sog—Scw]

or =D V? [Sog—Scw] + kp[Sogl[Scw] — k—p[Sog-Scw] — A[TId]

X [Sog-Scw] (3)

The equations were solved in the region —1 < x < 1. The parameters in this model
include the diffusion coefficients of Sog, Scw and the complex Scw—Sog, (Ds, Dgyp and
D), binding and unbinding of the Scw—-Sog complex (ki, and k _y,), cleavage of Sog by Tld
(e when Sog is free, A when Sog in associated with Scw), a constant flux of Sog on the
boundaries (7,) and the total Scw concentration ([Scw]yy). Dc is Dgmp-sog in Fig. 2e. We
solved the equations for 66,000 different sets of random parameters. Each parameter was
allowed to vary over four orders of magnitude. The parameters defining the centre of this
distributions are (in arbitrary units): Ds = I; = [Scw],, = 1, Dgmp = 0.1, Dc =1,

ky = 10, k_p, = 1, A[Tld] = 10, «[Tld] = 10, 55 = 10. Equations were solved with
Matlab. Each run took less than 1 min. The parameters of the systems shown in Fig. 2 are
specified in the Supplementary Information.

For the parameters of the full model (Fig. 3), we chose diffusion rates that reflected the
rapid in vivo patterning time and corresponded to the measured diffusion time in the
perivitelline fluid*. This measured diffusion coefficient is similar to that of green
fluorescent protein (GFP) in water®. It is possible that mixing processes in the perivitelline
fluid contribute to the equilibration process. For simplicity, we approximate such
processes as an effective diffusion. This approximation does not affect our conclusions. No
biochemical data restricting the values of the other parameters are available. The
parameters of the reference system are within the realistic biochemical range and obey the
robustness conditions. The parameter choice is specified and rationalized in detail in the
Supplementary Information.
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Molecular basis of seasonal time
measurement in Arabidopsis
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Several organisms have evolved the ability to measure daylength,
or photoperiod, allowing them to adjust their development in
anticipation of annual seasonal changes. Daylength measure-
ment requires the integration of temporal information, provided
by the circadian system, with light/dark discrimination, initiated
by specific photoreceptors. Here we demonstrate that in Arabi-
dopsis this integration takes place at the level of CONSTANS
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