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Summary

Cell fate decisions during multicellular development are
precisely coordinated, leading to highly reproducible
macroscopic structural outcomes [1-3]. The origins of
this reproducibility are found at the molecular level during
the earliest stages of development when patterns of
morphogen molecules emerge reproducibly [4, 5]. How-
ever, although the initial conditions for these early stages
are determined by the female during oogenesis, it is un-
known whether reproducibility is perpetuated from oogen-
esis or reacquired by the zygote. To address this issue in
the early Drosophila embryo, we sought to count individual
maternally deposited bicoid mRNA molecules and compare
variability between embryos with previously observed
fluctuations in the Bicoid protein gradient [6, 7]. Here, we
develop independent methods to quantify total amounts
of mBRNA in individual embryos and show that mRNA
counts are highly reproducible between embryos to within
~9%, matching the reproducibility of the protein gradient.
Reproducibility emerges from perfectly linear feedforward
processes: changing the genetic dosage in the female
leads to proportional changes in both mRNA and protein
numbers in the embryo. Our results indicate that the repro-
ducibility of the morphological structures of embryos
originates during oogenesis, which is when the expres-
sion of maternally provided patterning factors is precisely
controlled.

Results

Cells along the anterior-posterior (AP) axis of the developing
Drosophila embryo determine their location by interpreting
concentrations of morphogen molecules that correlate with
AP position. One process leading to these molecular patterns
(reviewed in [8]) originates in the female during oogenesis
when maternal mRNA of the anterior determinant bicoid
(bcd) is localized at the anterior pole of the egg. Upon egg acti-
vation, these mRNA molecules serve as sources for a protein
gradient, which triggers a network of interacting genes that
generate a cascade of increasingly diversified molecular
spatial patterns, eventually specifying unique fates for each
of the ~80 rows of cells along the AP axis [9]. The diffusion-
driven, exponentially decaying concentration profile of Bcd
protein is reproducible to within 10% from embryo to embryo
[7], which is sufficient to encode position with 1.6% embryo
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length (EL) precision. Spatial precision is observed in all fea-
tures of the subsequent molecular and morphologic patterns
[10-13], including the first macroscopic structure in the em-
bryo, the cephalic furrow [14-16]. It is unknown, however,
whether such high reproducibility is also realized at the level
of maternal mRNA. Is reproducibility of the protein gradient
determined during oogenesis, or is it acquired in the embryo
via specialized error-correcting mechanisms [5, 12, 17]?
Here, we test whether the expression of becd during oogenesis
is controlled with 10% or better precision and determine
the quantitative, mechanistic constraints on the amount of
mRNA deposited into the oocyte.

To address whether the female confers reproducibility to the
zygote through control of mMRNA, we devised two strategies
to quantify bcd mRNA molecules in individual embryos.
Measuring reproducibility in intact embryos requires a mea-
surement error that is low compared to the actual embryo-
to-embryo fluctuations in mMRBRNA numbers; we therefore
sought to count individual molecules, which can only be
achieved by an optical method. In wild-type embryos, optically
resolving individual bcd mRNA molecules is hindered by the
packaging of bcd mRNA into ribonuclear protein complexes
containing variable multiples of mRNAs [18]. The formation
of these particles requires the protein Staufen (Stau) [19].
Therefore, we optically measured bcd mRNA in embryos
from stau mutant females (referred to hereafter as stau™ em-
bryos) and developed an alternative counting method based
on bulk quantitative PCR (qPCR) measurements to confirm
that our results also apply to wild-type.

Total mRNA Counts in Individual Intact Embryos

To optically identify individual mRNA molecules in whole-
mount embryos and to assess embryo-to-embryo reproduc-
ibility, we extended a recently developed mRNA labeling
method of fluorescence in situ hybridization (FISH) [18, 20].
We labeled bcd mRNAs with synthetic probes and then
counted individual molecules and measured their fluores-
cence intensity by confocal microscopy (Figure 1; Figure S1
available online). In wild-type embryos, this technique re-
vealed a bimodal intensity distribution of bcd mRNA particles
(Figures 1A and S1B) held together by Stau [19]. We resolved
these bcd complexes into individual mRNA molecules in
stau™ embryos (Figure 1B) [20], with a unimodal particle inten-
sity distribution (Figure S1B). We counted ME'SH = (8.9 + 0.3) x
10° bcd mRNA molecules in individual stau™ embryos; the
error bar is the SE of the mean across n = 7 embryos (Supple-
mental Experimental Procedures).

To confirm that the number of bcd mMRNA molecules in stau™
embryos was comparable to that of wild-type, we modified a
widely used PCR technique [21] to count molecules in wild-
type and stau™ embryos. This technique also allowed us to
verify that the fluorescent particles in stau™ embryos corre-
sponded to individual mMRNA molecules. In quantitative RT-
PCR (gqRT-PCR), mRNA molecules are chemically extracted
from the sample, converted to DNA by reverse transcription,
and subsequently quantified by real-time PCR amplification
using a SYBR Green fluorescence reporter. Usually, qRT-
PCR cannot measure absolute mRNA in biological samples,
mainly due to challenges in quantifying the process of
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Figure 1. Two Independent Methods Measure
~750,000 bcd mRNA Molecules in Individual
Embryos

(A and B) In situ total mMRNA measurements using
single-molecule counting. bcd mRNA molecules
in fixed embryos are tagged with 90 fluorescently
labeled oligonucleotide probes (20-mer) for wild-
type (A) and stau™ mutant (B) embryos. Parti-
cles containing multiple bcd mRNA molecules
dissociate in stau™ mutants (side panels), as
apparent from unimodal particle intensity distri-
bution (Figure S1).

(C) Bulk mRNA is extracted from individual sam-
ples (colored data points), converted to cDNA,
and quantified viagPCR. Threshold cycle Cy, refers
to the PCR ampilification cycle for which the sample
fluorescence reaches an arbitrary predefined
threshold at which all samples are compared.
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(D) gRT-PCR measurements of total bcd mRNA
in wild-type and stau™ embryos yield a mean of
7.4 x 10° = (0.8, 1.1) x 10° (SEM, measurement
error) and 6.2 x 10° = (1.2, 1.9) x 10° molecules,
respectively. SEM is shown as black bars. Mea-
surement errors are estimated from the single-
parameter fitting (red bars). With FISH in seven
stau™ embryos, (8.9 = 0.3) x 10° molecules are
detected (error is SEM; we estimate the overall
FISH measurement error to be ~6%). Dashed
horizontal line and gray shading correspond
to the mean of the three measurements and the
SEM, i.e., Mpcq = (7.5 = 0.8) x 10°.
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(E) gqRT-PCR measurements of total bcd mRNA counts from two independent large-scale experiments (empty and hashed bars) are (7.4 = 1.2) x 10° and
(7.3 £ 0.9) x 10°in wild-type embryos (two bcd DNA copies) and (4.7 = 0.7) x 10° and (3.7 = 0.7) x 10°in +/Df bed embryos (one bed DNA copy). The number

of samples in each experiment is found in Table S1.

mRNA isolation [22, 23]. By quantifying all systematic errors
along the different processing steps, we developed a scheme
to accurately estimate bcd mRNA molecules in individual
embryos.

In our strategy, the largest quantitative effect was achieved
through controlling for losses associated with RNA isolation;
mRNA molecules from homogenized embryos were compared
to an mRNA reference calibration from a dilution series of syn-
thetically generated bcd mRNA molecules undergoing the
same procedure in parallel (Supplemental Experimental Pro-
cedures and Figure S2). To measure the number of bcd
mRNAs by gRT-PCR, the mRNA reference calibration was
compared to an embryo series with n = (1, 2, 4, 8) individuals.
The comparison in Figure 1C shows two lines, the slope of
which is determined by the PCR efficiency (g), whereas their
offsets (A) depend on the combined efficiency of mRNA isola-
tion and reverse transcription (n). These quantities were
measured with independent calibrations, which minimize our
experimental error (Supplemental Experimental Procedures).
Specifically, we first used a dilution series of bcd DNA mole-
cules to precisely measure the slope (S = —1/log(e)), with an
accuracy of better than 1%. We used this slope in order to
perform one-parameter fits for the mRNA calibration and

embryo series and thus determine the offset (A). The number
of mMRNAs per embryo is then given by MESE = Miere =%, where
M,s is the number of synthetic mRNAs of the lowest member
of the mRNA dilution series.

Using this technique, we found the number of bcd mRNA
molecules in embryos from wild-type females to be
MECR = (7.4 £1.1)x10°, where the error represents the mea-
surement error on the mean number of mMRNAs per embryo.
stau™ embryos contain a similar number of bcd mRNA mole-
cules (MPSR...,- =(6.2£1.9)x10%; Figure 1D). These results
confirm that, within measurement error, (1) single-molecule
FISH counts indeed correspond to individual mRNAs, and (2)
bcd mRNA counts in stau™ mutant embryos are equivalent to
counts in wild-type embryos.

These experiments produced three independent measures
for the total bcd mRNA count in individual embryos: bulk
qPCR measurements on wild-type and stau™ embryos and
FISH measurements on stau™ embryos (Figure 1D). To assign
a value for our overall estimate, we averaged the three inde-
pendent measurements, yielding Mpeqy = (7.5 = 0.8) x 10°
(SEM). The consistency among the three measures validates
the FISH-based counting method in assessing embryo-to-
embryo bcd mRNA count reproducibility.
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Figure 2. The bcd mRNA Source and the Bcd
Protein Gradient Are ~10% Reproducible

density correction in seven individual stau™ em-
bryos. Mean (dashed black line) and SD (gray
area) are (8.9 = 0.8) x 10°, which leads to a repro-
ducibility of 0.8/8.9 ~ 9%.
(B) Reproducibility of Bed protein profiles of 22
embryos expressing Bcd-GFP at wild-type Bcd
® levels (reference fly line Bcd2X, [14]). Average nu-
1 clear Bcd-GFP intensities from the midsagittal
plane of all embryos (imaged live during nuclear
cycle 14; on average 85 nuclei per embryo) are
binned in 50 bins, over which the mean and SD
were computed. For each bin, the SD divided by
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Maternally Deposited mRNA Molecules Are as
Reproducible as Zygotic Patterns

FISH allows counting of single molecules with measurement
error low enough to assess embryo-to-embryo variability,
which is impossible to assess with the PCR bulk measure-
ments due to the large systematic error. We estimate our over-
all measurement error for FISH to be 6% of the total counts
(Figure 2A and Supplemental Experimental Procedures). We
measured the embryo-to-embryo reproducibility as the SD of
bcd mRNA counts in seven stau™ mutant embryos (Figure 2A).
Strikingly, the result was 9% = 2% (bootstrapping error). As
can be seen in Figure 2B, this level of reproducibility is of the
same order as that of the Bcd protein gradient in the anterior
half of the embryo (~10% [7]). The similarity suggests that
the low variability in bcd mRNA production is responsible for
the reproducibility of the protein gradient. This is consistent
with the idea that the large number of mMRNA molecules mini-
mizes the variability inherent to the processes of translation
and protein transport, thus obviating requirements for error
correction by a separate process.

mRNA and Protein Counts Scale Linearly with Maternal
Gene Dosage

The consistency of the reproducibility levels in Figure 2
indicates that control over the mRNA source composition is
sufficiently precise to generate a reproducible Bcd gradient.
The question remains, however, how such reproducibility is
achieved at the mRNA level, and, in particular, whether error
correction and feedback mechanisms are required to ensure
the correct degree of bcd gene expression during oogenesis.
In Drosophila, 15 specialized germline cells, called nurse cells,
remain associated with the oocyte by intercellular cytoplasmic
bridges. Nurse cells synthesize maternal components neces-
sary for early embryonic development at high rates and trans-
port them to the growing oocyte over a >2.5-day period,
enabling oogenesis to proceed rapidly (reviewed in [24]).
High levels of gene expression are facilitated by extensive
DNA replication. Such polyploidization generates multiple
gene copies in nurse cells, though not necessarily covering
the entire genome [25], rendering polyploidization a potentially
error-prone process [26]. Thus, it is unclear what mechanisms
generate the observed 10% reproducibility levels, or whether
error correction is necessary.

the mean (6[Bcd]/[Bcd]) as a function of fractional
egg length (x/L) is shown in blue (error bars are
computed by bootstrapping with 15 embryos
[7]). Gray and black lines show estimated contri-
butions of measurement noise (see Supplemental
Experimental Procedures). Dashed red line indi-
cates 10% reproducibility mark, attained when
subtracting gray from blue data.

To understand the mechanisms controlling the transitions
from one molecular species to the next, we examined the
link between the maternal bcd gene dosage and both bcd
mRNA and Bcd protein numbers in the embryo. First, using
gRT-PCR, we assessed how the number of deposited bcd
mRNA molecules scales with bcd gene copy number. We
compared our measurements in wild-type to a strain in which
one copy of the bcd gene was deleted. The number of bed
mRNA molecules in embryos from these bcd-deficient (+/Df
bcd) flies was 0.57 = 0.14 times that of wild-type embryos
with two bcd alleles (Figure 1E). The measurement is well
within the measurement error of the expected factor of 2,
consistent with previously observed differences in relative
mRNA levels [27].

Although these measurements are consistent with a linear
relationship between bcd dosage and actual bcd mRNA
numbers in the embryo, to achieve a more precise measure-
ment with more than two data points, we took advantage of
a strategy exploiting the chromosome position effect [28] to
generate small changes in the levels of maternal bcd gene
product. Transgene constructs expressing Bcd-GFP fusion
proteins are inserted at random locations in the fly genome,
leading to distinct expression rates and quantitatively different
spatial Bcd-GFP distributions [14]; i.e., the same integer copy
number generates distinct transcript numbers compared to a
calibrated transgenic reference fly line producing Bcd-GFP
at wild-type levels (Figure 3, top inset; Figure S3). Using this
strategy, we generated a set of six transgenic fly lines, with
changes in gene expression levels at increments of 10%.
Genetic combinations of individual bcd-gfp alleles yield
expression levels in the resulting lines that are, within error
bars, the sum of the expression levels of the original lines
(gray data points in Figure 3), as observed in [14].

To test whether this linear relationship is also preserved at
the level of bcd mRNA, we repeated our qPCR experiments
to measure relative mRNA levels between wild-type and three
fly lines expressing Bcd-GFP at 1.78-, 2.12-, or 2.4-fold-
increased levels from a total of four or six transgenes (Fig-
ure S4). For the same fly lines, we measured the total amount
of Bcd-GFP by optically calibrating GFP intensity to that of a
purified GFP solution of known molarity [7]. As Figure 3 shows,
a scatterplot of Bcd-GFP protein versus mRNA number dem-
onstrates a linear relationship, perfectly matching previous
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Figure 3. Total Bcd Protein in Embryos Scales Linearly with Maternal bed
Gene Expression

Bcd-GFP transgenes are inserted at different genome locations to generate
alleles with varying bed gene expression [14]. Insertions in two such fly lines
(red and blue bands in top inset) are expressed at different rates, leading to
quantitatively different Bcd protein intensity profiles Igcq—grp (Figure S3).
Differences in protein concentration are determined by comparing average
nuclear Bcd-GFP intensities across AP positions between a given trans-
genic test line (I") and a reference line (I'V"). The latter expresses egfp-bcd
mRNA at the same level as endogenous bcd mRNA (Figure S4B) and pro-
duces Bcd-GFP at wild-type levels that restore normal patterning to becd
mutants. The slope of a line fitted to a scatterplot of intensities defines the
Bcd-GFP expression level of the test line relative to the reference line (bot-
tom inset; in this example, 21 and 108 embryos of the test and reference
lines, respectively). The main panel shows a scatterplot of Bcd-GFP protein
expression versus bcd-gfp mRNA expression measured by PCR (Fig-
ure S4A) in embryos from four fly lines (red squares). The relationship be-
tween protein expression and number of deposited mRNAs in the embryo
is linear. For 18 fly lines, the gray data points correspond to Bcd-GFP
expression of genetically combined alleles (wild-type calibrated to GFP
standard) as a function of the sum of the separately measured bcd-gfp
mRNA expression levels of the individual alleles (calibrated to wild-type
mRNA counts). Wild-type is marked by vertical and horizontal dotted green
lines. To calculate becd-gfp mRNA expression, we measured Becd-GFP pro-
tein expression [14] for each allele and converted it to mMRNA expression
(Figure S4A). Squares identify respective fly lines in four of the gray data
sets and in the four red data sets. The linear relationship demonstrates
that expression levels of individual alleles add independently in a linear
feedforward manner. Gray error bars are as quantified previously [14].
Red error bars are SDs in expression level measurements; red error bars
of data point of reference fly line (Bcd2X,; crossing of dotted lines) repre-
sent calibration error to total molecular counts for protein and mRNA,
respectively (Supplemental Experimental Procedures).

data from protein measurements [14]. Together, our observa-
tions indicate a scenario in which the transition from one
molecular species to another is achieved in a perfectly
linear feedforward manner. Specifically, small changes in the
strength of the maternal bcd gene lead to proportional
changes in both mRNA and protein counts in the embryo. All
molecular processes from maternal gene expression to pro-
tein synthesis in the embryo must operate with very high pre-
cision, for which the protein measurements give an estimate:

10% changes in bcd strength at the level of maternal DNA
are reflected as 10% changes in protein copy numbers.
Finally, measurements of both mRNA and protein numbers
provide unique quantitative access to bcd translation. Bcd-
GFP protein levels are linearly proportional to bed and gfp
mRNA amounts (Figure S4A), and the transgenic reference
line produces the same amount of mMRNA as the endogenous
bcd locus, as determined by measuring bcd and gfp mRNA
levels in the same embryos (Figure S4B). Previous intensity
measurements of fluorescently tagged bcd mRNAs have
shown that they are not degraded and remain stable
throughout the first 2 hr of development (i.e., early nuclear cy-
cle 14) [20]. During this period, Bcd protein is degraded uni-
formly with a lifetime of = 50 min [29]. In the simplest model,
Bcd translation is uniform, and the number of expressed pro-
teins at time t is given by Npc4(t) = kTMpcq(1 — exp(—t/7)), where
k is the translation rate and M4 is the number of bcd mRNAs.
Using GFP calibration [7], we measured the total amount of
Bcd-GFP in fixed embryos in which all Bcd-GFP proteins
mature and become optically detectable [18]. We found a total
of Ngcg = (8.2 = 1.8) x 107 (SD) Bcd-GFP molecules in approx-
imately 2-hr-old embryos (i.e., t;4 = 146 min). The value is larger
than earlier estimates in live embryos [7] due to the maturation
correction [18] and lower than semiquantitative biochemical
measurements [29] (see Supplemental Experimental Proce-
dures). Thus, with Mg = (7.5 = 0.8) x 10° mRNA molecules,
we calculated a translation rate of k = 2 proteins per mRNA
per minute, which matches previously reported translation
rates during the development of sea urchin embryos [30].

Discussion

We developed protocols to count the number of bcd mRNA
molecules in individual Drosophila embryos. The total number
is quite large, approaching one million molecules, and it is
reproducible between embryos, with fluctuations of less than
10%. Such low-level fluctuations were previously observed
for the Bed protein gradient. Our present results support the
idea that reproducibility is determined during oogenesis by
females expressing a tightly controlled number of bcd mRNAs.
These data show that the processes that establish the pro-
tein gradient, from maternal bcd DNA to Bcd protein in the
zygote, are governed by linear feedforward mechanisms,
which minimize requirements for error correction during
gradient formation.

Our results are consistent with work showing that the seg-
mentation gene network of early embryos acts as a relay to
propagate molecular reproducibility [7, 11,12, 14, 20, 31]. After
3 hr, cellular identities are generated with single-cell precision,
as observed in gene expression patterns that arise down-
stream of maternal inputs and that result in morphogenetic
events (e.g., the formation of the cephalic furrow). Here, we
have added another element upstream of that cascade,
demonstrating that reproducibility in the embryo is estab-
lished during oogenesis through precise control over bcd
mRNA expression. Hence, morphological features emerge
reproducibly between embryos as a result of the precision
with which the female controls initial patterning signals. The
early segmentation cascade in the Drosophila embryo is there-
fore a striking example of a molecular network integrating pre-
cise initial conditions to achieve reproducible macroscopic
outcomes. Thus, at least for wild-type embryos in the labora-
tory, early patterning does not require independent system(s)
to monitor or correct fluctuations in molecular activities during
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the transitions between mRNA and protein or between
maternal inputs and zygotic outputs.

Given high levels of reproducibility, our finding that molecu-
lar signals are transmitted in a linear feedforward manner
seems surprising. Feedforward processes have a propensity
for escalating noise, yet we found that changes as low as
10% in bcd mRNA result in 10% changes in protein. Thus,
the network establishing the Bcd gradient maintains precision
at each transition between different molecular species. Partic-
ularly, reproducible bcd mRNA counts and the proportionality
to maternal copy number indicate that the synthesis and
transport of mRNA are precisely controlled and proceed
essentially identically in different females. Here, control over
molecular fluctuations is achieved by temporal and spatial
averaging and by large molecule numbers. Nearly one million
bcd mRNA molecules are generated, completely overriding
Poisson fluctuations, matching other systems in which high
mRNA levels reduce variability [32, 33]. Moreover, bcd is
generated from multiple (>500) bcd DNA sources in polyploid
nurse cells [34, 35] over a period of several days [24, 36].
This is conducive to spatial and temporal averaging, particu-
larly when comparing this time course to the timescale of
microscopic events, such as the synthesis of a single mRNA
molecule.

Finally, the linear response in Bcd amounts to changes in
the maternal gene copies indicates identical bcd translation
kinetics across embryos and hence tight control over transla-
tion rates [37]. After fertilization, mMRNA translation and estab-
lishment of the Bcd gradient require only ~1 hr. Thus, we
expect that the translational apparatus operates at near
maximal rate in the early embryo. However, the translation
of bcd mRNA is an order of magnitude lower than the typical
translation rate for eukaryotic organisms under optimal condi-
tions [38, 39] (Supplemental Experimental Procedures). We
suggest that to achieve reproducibility, embryos employ
a lower-than-maximal translation rate with large numbers of
source mMRNA molecules, facilitating spatial and temporal
averaging [7, 20, 40]. How these interactions are matched
to produce reliable patterning remains unknown. Overall,
the Bcd gradient as a paradigm for morphogen-mediated
patterning now presents an ideal system to analyze how
molecular networks are coordinated to maintain precision
and reproducibility.

Experimental Procedures

FISH, confocal microscopy, and image analysis were performed as
described in [18, 20], where capability of capturing all mMRNA molecules in
whole embryos was demonstrated. qRT-PCR quantification of transcripts
in embryos was carried out with SYBR Green on an Applied Biosystems
7900HT Fast Real-Time PCR system using standard temperature protocol
and automatic threshold detection. The absolute amount of bcd mRNA in
extracts and of Bcd-GFP in live embryos is measured by calibration fluores-
cence standards (see Supplemental Experimental Procedures). All animal
usage is under the approval of Princeton University’s Institutional Animal
Care and Use Committee.

Supplemental Information

Supplemental Information includes Supplemental Experimental Proce-
dures, four figures, and two tables and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2014.04.028.
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Figure S1. Measuring total number of bcd mRNA in whole mount stau” embryos using smFISH, related to Figure 1. (A)
Direct particle detection: rigid threshold (vertical dashed line) to the DoG intensities I, of candidate particles separates false
positives from directly detected particles Np. The distribution is normalized to the maximum number of candidate particles. (B)
Distribution of raw fluorescence (a.u.) per directly detected particle for wild-type (cyan) and stau™ (magenta) embryos. The low
intensity peaks correspond to individual particles and the distributions have been aligned at these single molecule peaks (as
fluorescence values between experiments differ by constant) for comparison. The distributions have been normalized by the
respective maximum number of detected particles Np. The unimodal stau™ distribution is consistent with the presence of single
particles, while the bimodal distribution for wild-type embryos results from the presence of packaged mRNAs. (C) Total
fluorescence detection of MRNAs in stau™ embryos: for moderate densities of MRNAs the total raw fluorescence I, per voxel
V inside the embryo is linearly proportional to the density of directly detected particles Np/V inside that voxel; at high mRNA
densities multiple mMRNAs can co-localize and be detected as a single particle leading to a nonlinear increase of I,,; with Ny /V.
The slope a and offset B of the linear fit (dashed line) measure the intensity per mRNA particle and the background per voxel
respectively. The number of true mRNA per voxel based on total fluorescence is Np = (I, — BV)/a. (D) We sample an
anterior sub-volume (shaded in red) by sliding a voxel of size 400 pxl x 400 px| x 6 z-slices along the AP axis of the embryo to
obtain a and f for the whole sub-volume. We then find the number of true mRNA per voxel based on total fluorescence Np(x)
construct density correction function f(x) = Np(x)/Np(x). For the anterior-most part <5%EL we sample with 200 pxI x 200 pxI
x 6 z-slice voxels to avoid the edges of the embryo. (E) Individual density correction curves f; (yellow) at subsequent z-depths
within a sub-stack of the embryo are averaged and linearly interpolated to provide a global AP-dependent density correction
function (blue dashed line) for the embryo (see Supplemental Experimental Procedures).
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Figure S2. qRT-PCR calibration, related to Figure 1. (A) The efficiency n’ of RNA isolation is measured by constructing
RNA calibration series (blue diamonds) and standard RNA curve (red circles) using identical dilution series of synthetic bcd
RNA. The efficiency is calculated from the slope and the offset between the two lines: n’ = ¢2, with £ = 1.98 + 0.05 from bcd
DNA series; here we find n' = 0.3 + 0.1. (B) The presence of other nucleic acids and ribonucleases in the embryo could affect
downstream reactions, resulting in differences between the yield from synthetic mMRNA used for the RNA calibration series and
that from mRNA extracted from embryos. To check for this effect, twofold dilution series of synthetic eGFP mRNA over 7
orders of magnitude (starting at 10° molecules) are used to construct an eGFP RNA calibration series (red circles) and eGFP
RNA calibration curve for which we add extracts from 8 embryos (ages 10—40 min) to each sample during the TRIzol step
(blue diamonds). The efficiency of PCR for eGFP is calculated from series of eGFP DNA plasmid (inset), with ¢ = 2.04 + 0.04
corresponding to a slope of —1/log(e) = —1.403 £ 0.004. The offset for the RNA calibration series is 23.39 + 0.46 and for the
RNA calibration series with embryo extracts is 23.26 + 0.36. The two curves lie on top of each other well within error bars,
confirming that the presence of other molecular species does not affect the mRNA measurements in our setup. In both (A) and
(B) PCR is performed on all samples on the same plate and each RNA series is fitted with one-parameter linear fits to the data
with slopes equal to the slope of the respective DNA series. (C-E) To determine bcd PCR efficiency at molecular numbers
similar to the number of bcd mRNAs found in embryos, standard curves were constructed by twofold dilution of known
numbers of input plasmid DNA molecules containing the bcd open reading frame (C), in vitro transcribed bcd mRNA molecules
(D), or lysates of individual embryos (E). Change in threshold cycle (ACw) is shown as a function of the amount of input
material. Red lines possess slopes of -0.99 (-0.97,-1.01) (C), -1.04 (-1.01,-1.07) (D), and -1.01 (-0.97,-1.04) (E), with 95%
confidence intervals reported in brackets. The slopes correspond to efficiencies of 1.97 (1.96, 2.01), 2.06, (2.01,2.1) and 2.01
(1.96, 2.06) respectively. The efficiency estimates for all three types of extracts are within confidence intervals, which is
consistent with our expectation that PCR amplification is the same for each extract and the DNA, reference mRNA and embryo
series are parallel.
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Figure S3. Bcd-GFP dosage and embryo volume measurements in transgenic fly lines, related to Figures 2 and 3. (A)
Intensity of Bcd-GFP fluorescence along the anterior-posterior axis in all transgenic fly lines. The reference Bcd2Xa fly line is

shown in red. Error bars are across embryos. (B) The Bcd-GFP intensity of each transgenic fly line, IZ.4_grp, is plotted against

that of the reference fly line, I5{?%X .., to measure the ratio of their Bcd-GFP concentrations (i.e. their strength of bcd

expression, D). (C) The embryo volume for each fly line Vr, normalized to the volume of the reference Bcd2Xa line, Vgeqox-
Error bars are across embryos.
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Figure S4. Linear relationship between Bcd-GFP protein, gfp mRNA, and bcd mRNA content, related to Figure 3.
(A) Transgenic gfp mMRNA and Bcd-GFP protein content are proportional. gfp mRNA content was measured by relative
quantitative RT-PCR in a collection of 0—1h old embryos from four transgenic lines expressing Bcd-GFP in known quantities in
a bed®' mutant background [S1]. Protein levels are shown relative to a reference line containing 2 gfp-bcd transgenes that
restore normal pattern to bed®" mutant embryos. The reference line is indicated on the plot at a protein content of 1.0. Three
additional lines are shown expressing Bcd-GFP at 1.78, 2.02, or 2.4-fold increased levels from a total of 4 or 6 transgenes. gfp
mRNA was measured relative to tubulin56 mRNA as described [S2], and was then normalized to the content of the reference
line. Error bars are standard error of the mean of 6 technical replicates. Red dashed line is line of slope 1, expected for perfect
correlation of protein and mRNA. (B) bcd mRNA and gfp mRNA content is proportional. Total bcd mRNA content relative to
tub56 was measured from the same embryos as in A and from a nontransgenic, wild-type line. After normalization to wild-type,
bcd mRNA was plotted as a function of gfo mRNA content. Because all transgenic lines express endogenous bcd mRNA from
the mutant bed™' locus, the four transgenic lines possess 1 additional complement of bcd MRNA compared to gfo mMRNA. Red
dashed line indicates a line of slope 1 with intercept at (0,1). Error bars are standard error of mean gfp (x-axis) and bcd (y-
axis) mRNA content.



SUPPLEMENTAL TABLES

Genotype Mpeq £ Opea (Mpcq) £ SEM NEmb, Embryos  NEf
+/Df bed (3.7 £ 0.7)x10° 92 449 36
+/Df bed (4.7 £ 0.7)x10° (4.2 £ 0.5)x10° 38 156 39
WT (7.4 + 1.2)x10° 35 129 39
WT (7.3 + 0.9)x10° (7.4 +£0.8)x105 76 654 59
stau” (7.2 £2.1)x105 11 96 18
stau” (5.1 + 1.3)x10° (6.2 £ 1.2)x10° 13 45 15

Table S1. qRT-PCR measurements of bcd mRNA in +/Df bcd, wild-type (WT) and stau” embryos, related to Figure 1.
Here Nsea‘}“nbp and Nsr;fnp refer to the total number of samples with embryos and reference RNA molecules respectively.
M4 represents bcd mRNA counts measured in each experiment, and a4 is the fitting error for the experiment. The mean
counts (M) for each genotype is obtained by averaging the individual experiments and the standard error on the mean is
obtained by error propagation (see text). The relatively low number of stau™ samples reflects the difficulty in obtaining large
numbers of homozygous mutant embryos.

Embryo # Mlsjlcn;ISH op/ Mircr:lnm of / Mzrcr:insu oy/ Mi?dFISH
1 1.02 x10° 0.6% 0.8% 3.8%
2 9.52 x10° 0.6% 1.0% 5.1%
3 9.02 x10° 0.9% 0.5% 4.1%
4 8.06 x10° 0.9% 2.0% 4.8%
5 9.30 x10° 0.8% 0.8% 4.2%
6 8.71x105 0.7% 0.8% 4.5%
7 7.91 x10° 0.6% 1.4% 4.8%

Table S2. Total counts of bcd mRNA using smFISH in seven individual stau” embryos, related to Figure 2. Three

systematic sources of measurement error are reported: 1) the number of directly detected particles a,/M;™SH | 2) computing

the total fluorescence function o/Mjmy "*#, and 3) locating the midsagittal plane of the embryo ay/Mjmi *# (see text).



SUPPLEMENTAL EXPERIMENTAL PROCEDURES

FISH Image Analysis

We use custom MATLAB software to directly detect mMRNA particles as described in [S3]. Briefly, the z-
slices in each stack are aligned to correct for microscope drift and each z-slice is then filtered by a
circular difference-of-Gaussian (DoG) roughly matched to the size of a single bcd mRNA particle to
identify candidate particles (local maxima that exceed a low threshold). The candidate particles are
arranged in columns and particles with n=3 shadows (resulting from the axially extended PSF of the
microscope) on successive planes are considered as true mRNA particles. Since the DoG threshold is
set low to capture all true mRNA, arranging candidate particles in columns yields false positives, which
are removed by setting a rigid threshold (Figure S1A).

The distribution of particle intensities in wild-type embryos is consistent with a population containing
both packaged and individual mMRNA, while in stau™ embryos the packaged mRNA are resolved (Figure
S1B). The anterior region of the stau™ embryos (i.e. x/L < 20% EL) is densely populated with mRNA
and multiple mRNA can co-localize and be detected as a single particle. To control for this artifact, we
complement the direct detection method with a total-fluorescence counting approach described in [S2].
Briefly, this approach relies on sampling the embryo with voxels of volume V to obtain the total
fluorescence I, and the number of directly detected particles (true mRNA particles, see above) within
the voxel, Np. Over a certain range of mMRNA densities the intensity density I,,./V scales linearly with
the density of individual particle spots N /V (Figure S1C). The slope a of this relationship is equal to the
intensity per spot while the offset B estimates the fluorescence background per voxel. The resulting
number of true mRNA molecules in a voxel estimated using total-fluorescence is given by Np = (Ior —

BV)/a.

We employ the total-fluorescence method to construct a global density correction function f(x) along
the anterior-posterior (AP) axis of the embryo such that the number of true mRNA molecules is
estimated as Niue(x) = f(x)Np(x). To construct f(x), we first slide a voxel along the AP axis as shown
in Figure S1D, and estimate a and B for this sub-volume; f(x) = Ng(x)/Np(x) is calculated for each
voxel. A global density correction function for the anterior is obtained by averaging density correction
functions constructed at multiple z-depths (Figure S1E).

In all seven embryos, the density of mMRNA decreases monotonically along the AP axis; therefore in the
anterior-most regions (< 15%FEL) the total fluorescence method yields a density correction factor
f(x) > 1. In regions of moderate densities (15-20%EL) the direct particle detection and total
fluorescence method are equally reliable, i.e. f(x) = 1. Finally, as the density of mRNAs decreases
further (> 25%EL), background noise fluctuations override the signal and the total fluorescence method
becomes unreliable, i.e. f(x) takes arbitrary values. Therefore, we compute the true number of mMRNA
as Nipue(x) = f(x)Np(x) in the anterior-most region of each embryo (i.e. x < 15%EL and f(x) > 1) and
Nirue(x) = Np(x) in the remaining volume. To estimate the measurement error, we construct global
density correction functions by bootstrapping with replacement the individual density correction
functions, evaluating the number of fluorescence corrected particles in the anterior volume and
computing their standard deviation.

Finally, the total number of mMRNA per individual embryo is twice as high (2XNye), since only half of
the embryo is imaged. The number of mMRNA for each of the seven embryos is shown in Table S1; the
mean number per embryo is M., = 8.9x10°, with standard deviation of 0.8x10° counts (or 9%
reproducibility) across the seven embryos and standard error on the mean of 0.3x10° counts. The error
on the reproducibility is +2%, calculated by bootstrapping the standard deviation with replacement.



FISH measurement error

We estimate three types of measurement errors for mRNA counts using FISH: (1) direct detection, (2)
total fluorescence detection, and (3) identification of the embryo’s midsagittal plane. To directly detect
particles, we set a rigid threshold to separate noise from true particles (Figure S1A) and discard the left-
hand tail of the particle intensity distribution, which leads to underestimation of the direct particle counts
Np. To estimate the magnitude of this effect for each embryo, we fit a Gaussian to the distribution of
directly detected particles and compute the counts with intensities below the threshold (Table S2,
ap/MIFISH) Next we control for co-localization of mRNA particles in the anterior pole of the embryo by
using a total-fluorescence detection method to construct a global density correction function f(x)
(Figure S1D). The density correction function is computed as the average of the individual density
correction functions f; at subsequent z-depths of a sub-stack within the embryo. We find the variability
in the total fluorescent counts by calculating global density functions by bootstrapping with replacement
the individual density correction functions, evaluating the total fluorescent counts Nffor each
bootstrapped global density function and calculating their standard deviation (Table S2, o;/Mjni"").
Finally, because we image only half of the embryo, we estimate the uncertainty in locating the
midsagittal plane of the embryo. All seven embryos are imaged with 420nm z-spacing and pixel
resolution of 75.7nm and ~65 z-depths per half embryo. If the embryo has length L, the width W, and
height H then the volume of the embryo can be assumed to be that of an ellipsoid and calculated using
the formula V = %nLWH. We estimate 2 z-depths of error in locating the midsagittal plane, or

uncertainty of AH = 820 nm and uncertainty in the volume of AV = %nLWAH. (Table S2, gy, /M3mFISH),

qRT-PCR calibration.

To provide reference to bcd mRNA copy numbers in embryos, we use calibration with dilutions series of
synthetic bcd mRNA. The aliquots in the series are processed identically to the embryo samples,
including TRIzol extraction followed by reverse transcription. The bcd gene has 5 transcripts (splice
variants): bcd-RE (2547bp), bcd-RF (2532bp), bcd-RG (2525bp), bcd-RD (2510bp), and bcd-RA
(1490bp) [S4]. We synthesized reference bcd mRNA from the Bcd-RD transcript cloned in a pCRII-
TOPO plasmid using an mMMESSAGE mMACHINE SP6 kit (Invitrogen) following manufacturer's
protocol. The concentration in grams per volume of the synthesized reference RNA was determined by
absorbance spectroscopy measurements of RNA dilution series and converted to copy numbers per
volume using the molecular weight of single-stranded bcd-RD RNA (MW=484167 g/mole). For copy
number quantification the embryo samples and the RNA calibration series are amplified via gqPCR using
SYBR Green reporter on the same plate with a dilution series of Bcd-RD plasmid. The primer pair is
designed to amplify all bed transcripts with the exception of the bcd-RA transcript which does not
generate a functional Bed protein and whose existence is weakly supported [S4].

We focus on optimizing each step toward maximal reproducibility and minimizing the effects of other
molecular species endogenous to samples extracted from embryos. We remove non-nucleic species by
the use of TRIzol and PLG gel (5 Prime), preserve only nucleic species with glycogen (Ambion) and
remove contaminating traces of the first extraction step by drying out the nucleic acid carrying glycogen
pellet. The nucleic acid species are both DNA and RNA, but DNA contamination is not a concern since
the samples with embryos of ages 10—-30 min, which have very few nuclei (at most 8 nuclei per embryo)
and the primer pair has been designed to span an exon-exon junction. The presence of mMRNA species
could affect the efficiency of reverse transcription (RT), and to prevent this potential problem we used
bcd-specific primers, avoiding effects of non-specific reverse transcription of other mRNA species.
Therefore, at qPCR both samples from embryo extracts and synthetic RNA calibration contain cDNA
only from bcd molecules.

RNA calibration provides reference to bcd mRNA copy-numbers in embryos under the following
assumptions (i) the efficiency of RNA isolation is identical for both embryonic and synthetic RNA



molecules, (ii) both RNA isolation and reverse transcription are linear with combined efficiency n.
Consistent with the latter assumption, the relationship between input number of reference RNA
molecules and qPCR is linear on a log-linear plot RNA calibration series over 5 orders of magnitudes.
By comparing our calibration series with RNA series that has undergone just reverse transcription prior
to PCR, we find that only (0.3£0.1) of the RNA are successfully isolated (Figure S2A). We also confirm
that there is no difference in the chemical efficiencies between samples with embryos and RNA
calibration series due to the presence of other molecular species endogenous to embryonic samples.
We synthesized reference eGFP mRNA transcript and constructed eGFP RNA calibration series, which
we compared to eGFP RNA calibration series where each sample is spiked with homogenates of
embryos during TRIzol extraction. Specifically, we synthesized reference eGFP mRNA from eGFP
transcript cloned in pCRII-TOPO plasmid using mMMESSAGE mMACHINE SP6 kit (Invitrogen) following
the manufacturer’s protocol. To obtain embryo homogenates, embryos of ages 10-60 minutes were
collected and homogenized in TRIzol such that the equivalent of 8 embryos was added to each eGFP
RNA sample. We did not observe differences between the samples with and without embryo extracts
(Figure S2B) which confirms that the presence of other molecular species in samples from embryos
does not affect the mRNA measurements in our setup. Finally, we confirmed that the efficiency of PCR
amplification & is the same for cDNA from reference bcd mRNA molecules, bcd mRNA extracted from
embryos and bcd DNA plasmid (Fig S2C-E).

After RNA isolation and reverse transcription, a sample with nxM,.., mRNA molecules yields N.py4 =
nnM,.; cDNA molecules and a sample with n embryos with M., mMRNA per embryos yields N.pys =
nnMy.q. During gPCR, a sample with N.py4 molecules is amplified with efficiency . The number of
DNA molecules at amplification cycle C is N(C) = N.pya X €. By recording the cycle C, at which the
sample crosses a fluorescence threshold, we obtain an equation for the RNA calibration series:

1
CZiff - _Tl g( rIMref)+ ( )l 0g(Nen)

Here N, is the number of DNA molecules corresponding to the fluorescence threshold. Analogous
equation for a sample with n embryos each with M., per embryo is given by:

1
camb = e )IOg(nancd) + ( Toa(a) 109 Wen)

The two lines have identical slopes, i.e. S = —1/log(€), WhICh is measured with high precision by the
DNA dilution series. Note that the lines are parallel and separated by an offset A regardless of the
choice of logarithmic base. The number of mRNA per embryo is found by subtracting the two
equations:

Mycq = Mrepe™®
The fitting error b7, in estimating the mean number of mRNA per embryo M}} is calculated using
standard error propagation methods:

GPer 2 2
I;ffT = \/Grefz + 0,21In(e)? + 082 A?
Myca Mres £

The terms under the root are the contributions from the measurement error in the number of reference
RNA (o0,.s~5%), the fitting error in measuring the offset between the linear fits to the calibration and
embryo series (0,), and the PCR efficiency (o.). To extract the fitting errors, first the DNA series is fit
to a two-parameter linear equation y = a + Sx using least squares to obtain an estimate for S and the
fitting error 5. Second the RNA calibration and embryo series are both fit to linear equations: y =a +
Sx, where S is found from the fit to the DNA series and only the intercept a is fit using least squares
(one-parameter fit). The offset between the RNA calibration series and the embryo series is 4 =




Qcalib — Aemp, and the uncertainty is o4 = \/(aﬁjca”b +02,mp ) - The PCR efficiency and its uncertainty
are calculated from the slope S and from the fitting error to the slope g for each DNA series.
Specifically, e = exp(—1/S) , and we choose to use natural log so the fractional error in the efficiency is
0./€ = E (%) ~ 1%. (if base 10 is used instead, g, /¢ = 2.303 E (%) ). The contribution of ~1% error in
the efficiency ¢ to the overall uncertainty in the number of bcd mRNA is proportional to the offset 4, i.e.

for A ~ 25 — 30 cycles the uncertainty in efficiency translates into (o./¢)A = 25 — 30% uncertainty in the
amplified amount.

bcd mRNA counts in +/Df bed, Ore-R (wild-type) and stau fly lines are summarized in Table S2. The
number of bcd mMRNA counts per genotype is the mean of the measurements from two independent
experiments and the standard error on the mean (SEM) reported is calculated using error propagation

/ 2
as Zle;f—‘z, where o; is the fitting error from each experiment whose values are shown in the second
column of Table S2.

Protein quantification in embryos of transgenic fly lines.

We measure the total amount of Bcd-GFP molecules in individual embryos for all transgenic fly lines
relative to our reference line Bcd2X,, which expresses Bed at wild-type level [S1]. Bcd-GFP intensity
data and dosage measurements for all transgenic fly lines (Figure S3A) were obtained from [S1]. The
total number of Bcd-GFP molecules in each of the fly lines N4 is calibrated to that of the Bcd2Xa line,
Ngcq, by multiplying the ratio of their Bcd-GFP concentrations (i.e. their dosage, D, see Ref. [S1], Figure
S3B) by the ratio of embryo volumes, i.e. Np.q = DXNgcgXVT /Vgeazx. The shape of the embryos is
assumed to be a prolate spheroid and the volume is calculated as VV = %nLWZ, where L, and W are the
lengths of the major and minor axes of the embryo in the midsagittal plane, extracted by image
analysis. The embryo volume from each fly line is normalized to that of the Bcd2Xa line (Figure S3C).

The total number of Bcd-GFP molecules in individual embryos of the reference line Bcd2X, is
measured by optically calibrating its GFP fluorescence with a 54 nM eGFP solution. Purified eGFP, a
gift of H.S. Rye (Texas A&M University), was overproduced in E. coli (BL21) from a trc promoter and
purified as described in Ref. [S5]. The protein concentration was determined spectroscopically using
serial dilutions and a dual-beam spectrophotometer with the absorption wavelength set to 488nm to
avoid counts of potential non-fluorescent eGFP molecules. In particular, the protein concentration of
eGFP can be spectroscopically determined using either 1) the absorption of eGFP fluorphore at the
wavelength of 488 nm with the molar extinction coefficient of 55,000 M'cm™, or 2) the absorption of
aromatic residues in eGFP at the wavelength of 280 nm with the molecular extinction coefficient of
21,890 M'cm™. The former measures only fluorescent eGFP molecules. The latter measures both
fluorescent eGFP and potential non-fluorescent eGFP molecules. We chose to report the absorption at
488 nm. In addition, we also measured the absorption at 280 nm. The concentrations determined using
both ways were consistent with each other, i.e., the percentage of non-fluorescent eGFP is nearly zero.
Calibration measurement was performed on fixed and hand-peeled embryos (to allow for proper eGFP
maturation, see details in [S3]) that were imbedded in the purified eGFP solution. Molecules get into
hand-peeled embryos as long as a quick alcohol wash step (ethanol, not methanol, to preserve eGFP
fuorescence) is part of the processing procedure. Hence the solutions of both fixed Bcd-GFP inside the
embryo and of free-floating eGFP are identical, and therefore the pH should be the same for both.

Assuming an overall cylindrically symmetric Bcd-GFP distribution in the embryo [S6], we rotate the
image plane around the major egg axis to reconstruct, in software, the whole embryo. Since the
embryos shrink during fixation and are flattened during the mounting procedures, the total intensity



measured at the midsaggital plane is corrected to account for these deformations. The fixed embryos
are assumed to have an ellipsoid shape with volume calculated as VV = gnLWH and measured average
length L = (365 + 19) um, width W = (135 + 4) um and height H = (88 + 3) um. Assuming uniform
compression, the intensity at the midsaggital plane is corrected by multiplying each pixel with a
correction factor k = H/W. The embryo is then reconstructed by rotation about its major axis and the
mean fluorescence intensity per whole flattened Bcd2X, embryo is thus found to be I = (127 £7)
counts/pixel. After subtracting the auto-fluorescence background B = (74 + 6) counts/pixel as
measured from identically processed wild-type embryos (i.e. without Bcd-GFP expression), the mean
intensity of the Bcd-GFP fluorescence per Bcd2Xa embryo is estimated as Igcq_grp =1 — B = (53 ¢
9) counts/pixel. Under the same imaging conditions, the mean intensity of 54 nM eGFP solution is
Iegrp = (58 £ 1) counts/pixel, thus the average Bcd-GFP concentration of the Bcd2Xa line is
C = Igcqg—grp/legrpX54 = (50 + 10) nM, which corresponds to (29 + 6) molecules/um3.

The total number of Bcd-GFP molecules in a Bcd2X, embryo at about 16 min into nuclear cycle 14
is Ngcqg = C *V = (6.7 £ 1.5)x107. This number is a lower bound on the actual total Bcd-GFP molecule
count as we have not included intensity attenuation due to optical path penetration in our samples. We
estimate this effect to account for an additional ~21%, bringing the total amount to (8.2 + 1.8)x107
molecules. This number is about twofold higher than that obtained with similar optical measurements
[S7], and twofold less than measurements based on semi-quantitative western blotting [S8]. Further
quantitative control experiments are necessary to clarify discrepancies in systematic errors for the three
independent measurements.

To test whether the concentration ratio of different fly lines in the dosage measurement is affected by
the maturation effect in live embryos, we also checked the average Bcd-GFP concentration in fixed
embryos of a fly line with twice the wild-type Bcd dosage. We find that the concentration ratio is
consistent with the dosage ratio, suggesting that that maturation is independent of Bcd-GFP dosage.

bcd mRNA translation rate calculation.

The number of bcd mRNA M,,.; deposited by the female has been shown to remain constant during the
time needed to establish the Bcd protein gradient [S3]. Bcd-GFP protein levels correlate with bed and
gfp mRNA amounts across transgenic lines with different numbers of transgenes (Figure S4A). In
addition, the transgenic Bcd2X, reference line produces the same amount of mRNA as the
endogenous bcd locus (Figure S4B), as determined by measuring bcd and gfp mRNA levels relative to
the maternally supplied mRNA fubulin56 [S2]. The equivalency of endogenous and transgenic bcd
production, combined with the observation that the transgenic Bcd2Xa reference line is normally
patterned, allows us to calculate the translation rate of endogenous bcd mRNA using the number of
molecules measured in wild-type embryos and the amount of GFP protein measured in the reference
line.

The Bcd protein is degraded uniformly during the first 13 nuclear cycles [S8] and the dynamics of Bcd
synthesis is described by
dNBcd(t) - kM NBcd(t)

dt — " bed Tt

Here Np.q(t) is the number of Bed protein molecules at time ¢, k is the rate of translation and t is the
protein lifetime. Solving the differential equation, we obtain the Bcd protein number as a function of
time:

t
Ngca(t) = ktMpeq (1 — exp (— ;))
The Bcd protein gradient was imaged at 16 + 2 min after entry into mitotic division 13, specifically, at
t14 = 146 min after fertilization [S1]. The lifetime of the protein during this period is 7 = 50 min [S8].



Therefore, with our measurements of M,.; = (7.5 + 0.8)x10° bcd mRNA molecules and Ng.q =
(8.2 + 1.8)x107 Bcd proteins at t;, we obtain a translation rate, in units of proteins per mRNA per
second:

N, t
k = Bcd( 14) ~ 0.03.

e (-0 ()

The calculation of the bcd mRNA translation rate k assumes that the mRNA molecules are uniformly
translated. However, there is evidence that temporally regulated poly-adenylation of bcd mRNA can
lead to a 15-30 min delay in the activation of translation and to a time-dependent translation rate with a
monotonic increase over the following 1.5h time window [S9]. However, even taking these effects into
account, our calculation still yields a translation rate that is well below the maximally available one.

If we assume that the translational apparatus operates at near maximal rates in the early embryonic
environment, where molecular patterns are generated with extreme speed (i.e. the first 9 cycles of
nuclear divisions last just 8 minutes each [S10], and the Bcd protein gradient stabilizes within less than
an hour [S6]), we can estimate an upper limit on the translation rate, k.., from known quantities. In
particular, under optimal growth conditions typical translation rates for eukaryotic organisms are of the
order of ~10 amino acids per second [S11]. Thus the ~500 amino acid-long Bcd protein should be
translated at k,,x = 0.26 proteins per mRNA per second (with 13 ribosomes simultaneously working on
a bcd mRNA molecule [S12]), which is an order of magnitude higher than the translation rate we
obtained above. Therefore, the translational apparatus clearly performs at submaximal translation
rates, and possibly compensates utilizing a source with a large number of mMRNA molecules.
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