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S1 Analysis of Wildtype Embryos

S1.1 Curve Fitting wt Bcd Profiles

We describe the curve fitting procedure for the observed mean intensity profiles before
presenting a more detailed analysis of the observed fluctuations. Here, all results are in
terms of distances scaled by embryo length, with results for absolute distances given later,
see Section S5.

Within the region x1/L = 0.19 < x/L < x2/L = 0.49, the observed intensity profiles of
all 28 wt embryos are well fit by an exponential decay. For x > x2, the observed intensities
are close to the background level and an exponential profile can no longer be confidently
fit. In the region x < x1, the point from where exponential profiles are a good fit to the
observed profiles varies significantly between embryos (xmin

1
/L = 0.03, xmax

1
/L = 0.19). To

ensure that we are measuring within the region well fitted by exponentials, for all embryos
we only consider data between a lower limit of x1/L = 0.19 and an upper limit x2/L = 0.49.

The embryos are separated into ‘early’ and ‘late’ data sets so that embryos at similar
developmental stages are compared, see the Materials and Methods section below. The
profiles are subject to fluctuations from embryo-to-embryo as well as internal noise and
background variations. To reduce the effect of these fluctuations we perform averaging to
find the mean observed Bcd intensity as a function of position for each data set separately.
Strictly, the arithmetic mean of exponentials is not an exponential. However, an exponential
fit to the average profile was found to be excellent (r2 > 0.994). An alternative approach
using median parameter values [1] made little difference to our analysis. The average profile
is then fitted to

B = B1e
−y/Λ . (S1)

Here, Λ = λ/L where λ is the characteristic decay length of the exponential profile with
y = x/L−x1/L and B1 the intensity at y = 0. The values B1 and Λ for the average profile
are found using a least-squares analysis, see values shown in Table S1. Note that the form
of Eq. S1 makes no assumptions about the underlying dynamics of gradient formation. In
our experiments we find, after background subtraction, that there is still a non-zero Bcd
intensity in the posterior region of the embryo. We can fit the experimentally observed
intensity in a wider region of the embryo by considering B = B1e

−y/Λ + b, where b is a
constant. However, we find that such an approach makes little difference to our results
within the region x1 < x < x2 and hence we set b = 0 throughout.

1



S1.2 Parameter Fitting of Bcd Profile Fluctuations in wt Em-

bryos

The fluctuations in intensity and positional information of the observed wt Bcd profiles
are shown in Fig. 2 in the main paper. Here, we discuss our methodology for fitting these
experimentally observed fluctuations. First, we demonstrate that each parameter in Eq. (2)
in the main paper is important for fitting the observed intensity fluctuations at different
positions in the embryo and hence that we are not over-fitting the data. We then discuss
further checks to ensure our fits are realistic.

δBind
1

: Fluctuations in Bind
1

are constrained by the requirement to reproduce the ob-
served values of δB/B and WBcd/L near x/L = 0.2. Altering other parameters to fit δB/B
near x/L = 0.2 results in inadequate fits elsewhere in the embryo. As an example, if we
increase the effects of internal noise to match the observed fluctuations near x/L = 0.2 the
predicted fluctuations at x/L ∼ 0.5 would be too large.

δΛ and α1: The only functional part of Eq. (2) in the main paper that can decrease for
x/L > 0.19 is the term ((y/Λ+α1)δΛ/Λ)

2, where α1 < 0 since Λ and B1 are anti-correlated,
see Fig. S1B. Therefore, α1 and δΛ/Λ are constrained by the observed minimum in δB/B
and WBcd/L close to x/L = 0.3.

V : V is kept constant in all fits, for both wt and nej embryos. Therefore, the value of
V is heavily constrained by the requirement to fit 8 data sets (Fig. 2 in the main paper,
for both wt embryos and nej embryos). In particular, we find that V is constrained by the
requirement to fit the observed fluctuations near mid-embryo.

Measurement noise: δBmeas/B is fixed by experiment and is not fitted. In Fig. S1A
we show the measured error from background, imaging and processing noise (for a more
complete discussion see He et al. [2]) along with the fit to δBmeas = a + by. The relative
imaging noise is roughly constant for x/L < 0.5 whilst the relative processing noise is
largest near the anterior and gradually decreases towards the posterior. Conversely, the
relative error in background subtraction increases at larger x/L.

In Fig. S3A,C, we demonstrate the fits to the observed intensity and position variations
in the Bcd gradient for late wt embryos, showing the individual contributions that make up
Eq. (2) in the main paper. We see that each contribution (excluding the measurement noise
which is measured rather than fitted) is necessary for correct fitting of the data. Therefore,
our parameters are properly constrained and we are not over-fitting the data. Complete
parameter values are given in Table S2.

To further test our fits, we compared the values of δBind
1

/Bind
1

and δΛ/Λ found from our
fitting to the overall observed experimental fluctuations with those derived from individual
embryos, see Fig. S1B. In Fig. S1B, the gradients of the solid lines depend on the α1 values
found previously, and are an excellent fit to the data. Finally, it is also informative to plot
the relative intensity fluctuations (coefficient of variation), shown in Fig. S4. We see that
the relative fluctuations increase toward the posterior, as expected.

S2 Analysis of nej Embryos

S2.1 Curve Fitting Bcd Profiles in nej Embryos

The intensity profiles of the nej embryos are very well fitted by an algebraically decaying
function in the region x1 < x < x2, see Figs. 1A and 1B in the main paper. We consider
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the form (where y = x/L− x1/L and y0 = x0/L+ x1/L)

B =
an

(y + y0)n
. (S2)

The constant n is determined by fitting the average Bcd profile in nej embryos in the range
0.0 < y < 0.3 and finding the median value of n such that the quality of the fit r2 > 0.995
(in this region, all the fitted parameter sets {an, y0, n} are excellent matches to the data
and it is not meaningful to distinguish between them), giving n = 2.7± 1.2, see Fig. S2A.
Fitting each Bcd profile individually in nej embryos and using the median parameter values
yielded very similar results. We also confirmed that varying n within the appropriate range
does not significantly alter our results (n = 2 and n = 3.5 tested). The parameters an and
y0 are deduced from a least-squares analysis, with values given in Table S3.

We compare the best algebraic fit to the Bcd intensity profile in nej embryos with the
corresponding best exponential fit using Eq. S1. In Fig. S2B we see that the exponential
is clearly sub-optimal when compared to algebraic curve fitting. The inset to Fig. S2B
highlights the relative quality of the fit throughout the region of interest. However, other
more complex functional forms, such as B = B2e

−y/Λ2 + b and B = B3(e
−y/Λ3 + e−y/Λ4),

also fit the data well. Henceforth, we will use Eq. S2 in our dissection of the fluctuations,
although using these other more complex fits does not change our results. In particular,
we have repeated the analysis outlined in the paper using B = B3e

−y/Λ2 + b, where we find
similar results for the precision of the Bcd gradient.

S2.2 Embryo-to-Embryo Fluctuations

Our data clearly reveals a strong correlation between an and y0 which must be taken into
account, see Fig. S2C. Following a similar procedure to the B1−Λ correlation, we consider
an = aindn g(y0), where we assume that the variables are separable. To leading order, the
relative intensity fluctuations due to external embryo-to-embryo variations in an and y0 are

δBext

B
=

[

(

δaindn

aindn

)2

+

([

α2 −
ny0

y + y0

]

δy0
y0

)2
]1/2

, (S3)

where α2 = y0g
′(y0)/g(y0) is an additional fitting parameter.

S2.3 Internal Fluctuations

The relative fluctuations from internal stochastic processes for nej embryos can be handled
in a similar way to the wt case. Substituting Eq. S2 into δBint/B = 1/

√
V B [3], we find

δBint

B
=

(y + y0)√
V an

n/2

. (S4)

S2.4 Measurement Fluctuations

The relative error in the measurement of the background is larger in nej embryos due to
the smaller absolute intensities. From the experimental data, we see that once fluctua-
tions in the measurement of the background level and measurement errors due to imag-
ing/processing noise are accounted for, δBmeas/B ≈ cy in the region 0 < y < 0.3, where
c = 0.16± 0.05, see Fig. S1A.
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S2.5 Combining Sources of Error

As in the wt analysis, we have now separated the sources of error into four independent
contributions, and hence the overall relative intensity fluctuations for nej embryos are given
by

(

δB

B

)

nej

=

[

(

δaindn

aindn

)2

+

([

α2 −
ny0

y + y0

]

δy0
y0

)2

+ (cy)2 +
(y + y0)

n

V an

]1/2

. (S5)

The corresponding relative positional error can then be found using Eq. 3 in the main
paper.

S2.6 Parameter Fitting of Bcd Profile Fluctuations in nej Em-

bryos

The relative Bcd intensity fluctuations and positional error are shown in Fig. S3B and
Fig. S3D respectively, with the contributions from each source of error in Eq. S5 plotted
separately (for late nej embryos). δaindn /aindn is needed to get the correct values of δB/B
and WBcd/L near x/L = 0.2 (similar to the constraint on δBind

1
/Bind

1
for the wt). α2 and

δy0/y0 are constrained by the observed minimum in δB/B close to x/L = 0.25. δBmeas/B
is fixed by experiment [2] and is not fitted, see Fig. S1A. Therefore, our parameters are
properly constrained and we are not over-fitting the data. The parameters used to fit
the observed experimental fluctuations are given in Table S4. Similar to the wt case, we
demonstrate in Fig. S2C that the fitted values of α2 are consistent with the data from
individual embryos. Finally, we show the relative intensity fluctuations for nej embryos
in Fig. S4. As with wt embryos, we see that the relative fluctuations increase toward the
posterior. Furthermore, nej embryos have larger relative fluctuations than wt embryos
throughout the region x1 < x < x2, as expected.

S3 Other Sources of Fluctuations

We have neglected other sources of noise in our analysis, such as fluctuations in the down-
stream events after Bcd binding to its DNA target sites. Detailed analysis of the Bcd-hb
circuit suggests that such downstream noise is less important in determining Hb precision
[4] and we therefore treat the time/spatial averaging processes as ideal. It has also been
suggested that one-dimensional sliding of Bcd along DNA could reduce error, although a
theoretical study has predicted that the fluctuations related to such motion will be similar
to fully three-dimensional diffusion [5]. The Hb profile itself is subject to both measurement
and internal fluctuations which could be possible sources of additional errors. Following
the procedures outlined for analysing the fluctuations in the Bcd profiles, we can perform
a similar analysis for the Hb profiles. However, comparing the relative magnitude of these
fluctuations with those in Bcd, we see that they are typically between 5 and 20 times
smaller around the threshold position and hence we neglect them. The reduced effect of
Hb fluctuations is due to the steepness of the Hb profile around the threshold position.
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S4 Orthodenticle Precision

As detailed in the main text, we make several assumptions in our calculation of Otd bound-
ary precision. We emphasise that, even if these assumptions are only approximately cor-
rect, our prediction that wt and nej embryos have similar Otd boundary precision (i.e.
Wwt

Otd ≈ W nej
Otd) will still hold, though the predicted value for that precision will be al-

tered. For example, if the averaging time is only 5 minutes then (for the early subgroup)
Wwt

Otd/W
nej
Otd ≈ 0.81 and if the averaging time is 20 minutes then Wwt

Otd/W
nej
Otd ≈ 0.86. This

is due to the wt and nej profiles having similar steepnesses, and the effects of density
fluctuations being approximately equal, at the Otd boundary. This contrasts with the Hb
boundary, where we predict that wt embryos will define position more precisely than nej

embryos, as found experimentally. As detailed in the main paper, these results support
our conclusion that it is the different profile shape that is primarily responsible for the
reduced Hb boundary precision in nej embryos, and not other defects due to the absence
of dCBP. Finally, as with Hb, the Otd profile is itself subject to both measurement and
internal fluctuations which could be possible sources of additional errors. Again, we find
that such fluctuations are small compared to those in Bcd (due to the Otd profile being
steeper at the threshold position), and we therefore neglect them.

S5 Absolute Positional Information

All of the above analysis can be repeated using absolute length scales, rather than length
scaled by the total embryo length. In general, in agreement with [2], we find that the
measured fluctuations using absolute lengths are now larger in the region x1 = 105µm
(x1/L ≈ 0.19) to x2 = 270µm (x2/L ≈ 0.49). Our theory still correctly fits the observed
data, where unscaled variables such as λ = LΛ and x0+x1 = Ly0 are used, since our general
analytical methodology is not dependent upon using scaled variables. However, without
scaling there is increased positional error. We show in Fig. S5 equivalent fits to the scaled
case shown in Fig. 2A-D in the main paper, where the axes in Fig. S5 are scaled by the
average embryo length 〈L〉 to facilitate comparison with the scaled analysis. Typically, the
values for δλ/λ, δx0/x0 etc. are between 10-50% larger than their scaled equivalents (see
Table S6).

We can also analyse the precision of the Hb boundary in terms of absolute position.
Applying a similar analysis to Sections S1 and S2, we find WBcd/〈L〉 = 0.021 ± 0.013
(early, wt), WBcd/〈L〉 = 0.038 ± 0.020 (late, wt), WBcd/〈L〉 = 0.034 ± 0.018 (early, nej
embryos), and WBcd/〈L〉 = 0.048± 0.029 (late, nej embryos). It is clear that the positional
information is less precise, consistent with other results showing that scaling is important
for correct Hb boundary positioning [1, 2, 6].

S6 Materials and Methods

Embryo staining and intensity measurements. All embryos described in this report
were collected at 25oC. Females with nej1 germline clones were generated as reported [7–
9]. Embryo staining with anti-Bcd and anti-Hb antibodies, high-resolution digital imaging,
raw intensity measurement, background subtraction, and calculation of background and
measurement noises were all performed as described [2]. For our antibody staining data
described in this work, we used the same criteria for selecting embryos at the early nuclear
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cycle 14 as before [2], namely, all embryos had a nuclear height:width ratio of ∼ 1.3−1.7 : 1
and a normalized posterior Hb intensity < 0.5; the posterior Hb expression, similar to the
Hb PS4 stripe, is driven by another hb enhancer that is distinct from the Bcd-responsive
enhancer [10]. To improve our measurements and facilitate theoretical calculations, the
selected wt (w1118) and nej embryos were further split into early (normalized posterior
Hb intensity < 0.25) and late subgroups (normalized posterior Hb intensity ≥ 0.25); all
quantitative studies described in this report analyze separately the subgroup data unless
stated otherwise. For our quantification of raw Bcd and Hb intensity measurements, we
estimate a measuring volume of ∼ 200µm3 (a cylinder with ∼ 6µm diameter and ∼ 6µm
height), which roughly corresponds to the volume of a nucleus at the developmental stage
of our experimental embryos. The expression boundary of a hb-lacZ reporter gene (T306
[11]) driven by the Bcd-dependent hb enhancer in early nuclear cycle 14 was determined
using fluorescent in situ hybridization [12] and a quantification method as described [6];
with n = 18 the number of embryos. The expression profile of Otd in wt (n = 39) and nej

(n = 38) embryos at early nuclear cycle 14 was determined in co-staining experiments with
guinea pig anti-Otd [13] and rat anti-Hb [14] primary antibodies and secondary antibodies
(Molecular Probes) that were conjugated to, respectively, Alexa-448 and Alexa-555. The
intensity data extracted from Otd-Hb co-stained embryos at early nuclear cycle 14 were
not further split into early and late subgroups as for the Bcd-Hb co-stained embryos since
an additional criterion (that embryos must have detectable and reliable intensity signals
for both Otd and Hb) had to be used in selecting embryos for our analysis. All other
experimental and analytical procedures in the Otd-Hb co-staining analysis were as described
previously [2].

Discussion on the use of raw Bcd intensities. In this study, we used raw Bcd
intensities to avoid measurement distortions caused by intensity normalizations as discussed
previously [2]. The following two findings suggest that the raw Bcd intensities detected
in our experiments are sufficiently accurate without the need for further normalizations,
except proper background subtraction. First, wt Bcd profiles measured as raw intensities
exhibited a similar degree of embryo-to-embryo reproducibility as the profiles measured by
live-imaging studies [2, 15]. Second, raw Bcd intensity noise measured among a group of wt
embryos was comparable to raw Bcd intensity noise measured between neighboring nuclei
in single embryos [2].
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Figure S1: Experimental error and B1 − Λ correlations. A: δBmeas/B against x/L.
Red circles denote wt and blue squares denote nej embryos. There is no separation into
early and late subgroups. Error bars omitted for clarity but are typically on the order of
±0.02 for both wt and nej embryos. δBmeas/B includes measured imaging and processing
noise from the experiments as well as background error. B: Correlation between B1 (in
arbitrary units) and Λ for early (black ◦) and late (green �) time data sets. Black and green
lines derived from the values used to fit the observed Bcd intensity fluctuations/positional
error at early and late times respectively.
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Figure S2: Fitting nej embryos and an − y0 correlations. A: Quality of fit to the
average Bcd intensity profile in nej embryos for varying n. Full vertical lines delineate the
region where r2 > 0.995, with n = 2.7 being the median value within this range (denoted
by dashed line). B: Fitting the Bcd intensity profile in nej embryos (at early times) with
algebraic (blue line) and exponential (red line) profiles. B has arbitrary units. Inset:
relative difference (Bnej − Bfit)/Bnej against x/L, where Bnej is the average experimental
Bcd intensity in nej embryos at position x/L and Bfit corresponds to the algebraic and
exponential ‘best fits’ to the data at x/L. C: Correlation between an (in arbitrary units)
and x0/L for early (black ◦) and late (green �) time data sets. Black and green lines
derived from the values used to fit the observed Bcd intensity fluctuations/positional error
in nej embryos at early and late times respectively.
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Figure S3: Individual contributions to the observed fluctuations. All results shown
are for the late-time data sets. A: Contributions to relative Bcd intensity fluctuations in
wt embryos: δBind
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/Bind

1
(◦); δΛ/Λ (�); δBmeas/B (4); and δBint/B (�). B: Contributions

to relative Bcd intensity fluctuations in nej embryos: δaindn /aindn (◦); δy0/y0 (�); δBmeas/B
(4); and δBint/B (�). C: Contributions to positional error in wt embryos. Bcd intensity
fluctuations for wt embryos are converted into positional error using Eq. 3 in the main
paper. Symbols as A. D: Contributions to positional error in nej embryos. Bcd intensity
fluctuations for nej embryos are converted into positional error using Eq. 3 in the main
paper. Symbols as B.
Total relative fluctuations/positional error denoted by solid line.
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Parameter Early Late

B1 19.95± 0.24 15.06± 0.19
Λ 0.180± 0.002 0.182± 0.002

Table S1: Parameters for fitting wt Bcd intensity data at early and late times.

Parameter Early Late

δBind
1

/Bind
1

0.060± 0.010 0.086± 0.015
δΛ/Λ 0.078± 0.016 0.099± 0.016
α1 −0.80± 0.20 −0.81± 0.23

Table S2: Parameters for fitting observed fluctuations in wt Bcd intensity data at early
and late times.

Parameter Early Late

an 0.902± 0.030 0.783± 0.022
y0 0.391± 0.006 0.398± 0.006

Table S3: Parameters for fitting nej embryo Bcd intensity data at early and late times.

Parameter Early Late

δaindn /aindn 0.068± 0.017 0.121± 0.013
δy0/y0 0.128± 0.020 0.176± 0.032
α2 1.90± 0.30 2.15± 0.25

Table S4: Parameters for fitting observed fluctuations in nej embryo Bcd intensity data at
early and late times.

Parameter Reference Value

D0 [15] 0.30µm2s−1 ± 0.09µm2s−1

k3d [3, 16] 0.58± 0.07
Nspat [17] 36± 6
τ [1, 18, 19] 10 minutes ±5 minutes

(∆x) [17] 3× 10−3µm± 1× 10−3µm
fconv [17] 1.2± 0.3

Table S5: Parameters required for computing the positional error WHb/L. Errors on ∆x
and Nspat are plausible estimates and not based on direct experimental measurements.

Parameter Early Late

δBind
1

/Bind
1

0.087± 0.030 0.144± 0.045
δΛ/Λ 0.087± 0.022 0.149± 0.034
α1 −0.80± 0.30 −0.40± 0.30

δaindn /aindn 0.095± 0.015 0.120± 0.018
δy0/y0 0.157± 0.020 0.222± 0.050
α2 2.2± 0.5 2.3± 0.3

Table S6: Parameters for fitting the observed Bcd intensity fluctuations in wt and nej

embryos using absolute distances.
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