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S1 Additional materials and methods

S1.1 Probe set and amplifier details

Figures Organism Line(s) Stage Target Probes HCR Amplifier

2, S12–S14 Danio rerio WT 26 hpf desma 8 B1-Alexa546
7 B3-Alexa647

2, S15–S17 Danio rerio Gt(desma-citrine)ct122a/+ 26 hpf citrine 3 B2-Alexa546
3 B3-Alexa647

2, S18–S20 Danio rerio WT 26 hpf elavl3 5 B1-Alexa546
4 B3-Alexa647

2, S21–S23 Mus musculus WT E9.5 Acta2 2 B4-Alexa546
2 B4-Alexa647

3, S24–S28 Danio rerio hom, het, WT⇤ 26 hpf desma 5 B1-Alexa546
citrine 5 B2-Alexa647

4, 5, S29–S47 Danio rerio WT 10 hpf myod1 5 B4-Alexa647
tpm3 2 B1-Alexa488
her1 5 B3-Alexa514
her7 5 B2-Alexa546

S1, S2 Danio rerio Gt(desma-citrine)ct122a/+ 26 hpf citrine 5 B2-Alexa647
ta 9 B1-Alexa546

S3-S7 Danio rerio WT 26 hpf tpm3 2 B1-Alexa647
desma 7 B3-Alexa546

Table S1. Organisms, target mRNAs, probe sets and amplifiers. ⇤The homozygous vs heterozygous study involves three types
of embryos: hom ⌘ Gt(desma-citrine)ct122a/ct122a, het ⌘ Gt(desma-citrine)ct122a/+, and WT.
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S1.3 Image Analysis

S1.3.1 Raw voxel intensities

For each replicate embryo, raw voxel intensities are calculated by averaging neighboring pixel intensities, yielding
the voxel sizes listed in Table S2. The total fluorescence within a voxel is a combination of signal and background.
Fluorescent background (BACK) arises from three sources in each channel (Choi et al., 2014):

• autofluorescence (AF): fluorescence inherent to the sample,
• non-specific detection (NSD): probes that bind non-specifically in the sample and subsequently lead to HCR

signal amplification,
• non-specific amplification (NSA): HCR hairpins that bind non-specifically in the sample.

Fluorescent signal (SIG) in each channel is generated by HCR amplification polymers tethered to probes bound
specifically to their cognate target mRNA. For voxel i of replicate embryo n, we denote the background:

XBACK
n,i = XAF

n,i +XNSD
n,i +XNSA

n,i ,

the signal:
XSIG

n,i ,

and the total fluorescence (SIG+BACK):

XSIG+BACK
n,i = XSIG

n,i +XBACK
n,i .

S1.3.2 Characterization of signal and background

Signal and background are characterized as described previously (Choi et al., 2014). For each target mRNA, back-
ground (BACK) is characterized for voxels in one or more representative rectangular regions of no- or low-expression
and the combination of signal and background (SIG+BACK) is characterized for voxels in one or more represen-
tative rectangular regions of high expression. The choice of representative regions depends on the type of target
mRNA:

• Transgenic target (citrine): BACK voxel intensities are measured in a region of no expression in WT embryos
lacking the target; SIG+BACK voxel intensities are measured in a region of high expression in transgenic
embryos containing the target.

• Endogenous target with local expression (elavl2, Acta2, myod1, tpm3, her1, her7): BACK voxel intensities
are measured in a region of no- or low-expression in WT embryos; SIG+BACK voxel intensities are measured
in a region of high expression in the same replicate embryos.

• Endogenous target with global expression (desma): BACK voxel intensities are measured in a region of
high expression in WT embryos using the standard in situ protocol but omitting the probes (this yields the
partial background estimate BACK ⇡ AF + NSA); SIG+BACK voxel intensities are measured in a region
of high expression in a different set of WT embryo replicates (using the standard in situ protocol including
probes).

For the voxels in these regions, we characterize the distribution by plotting a voxel intensity histogram and charac-
terize typical performance by calculating the mean voxel intensity (X̄BACK

n or X̄BACK+SIG
n for replicate embryo n).

Performance across replicate embryos is characterized by calculating the sample means, X̄BACK and X̄SIG+BACK,
and sample standard deviations, sBACK and sSIG+BACK. The mean signal is then estimated as

X̄SIG = X̄SIG+BACK � X̄BACK (S1)

with standard deviation estimated via uncertainty propagation as

sSIG 
q
(sSIG+BACK)2 + (sBACK)2. (S2)
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The upper bound on estimated standard deviation holds under the assumption that the correlation between SIG and
BACK is non-negative. Estimates for mean signal plus background (X̄SIG+BACK± sSIG+BACK), mean background
(X̄BACK ± sBACK), and mean signal (X̄SIG ± sSIG) are displayed for each target mRNA in Table S3.

S1.3.3 Normalized voxel intensities

To facilitate relative quantitation between subcellular voxels within expression scatter plots, we estimate the normal-
ized HCR signal of voxel i in replicate n as:

xn,i ⌘
XSIG+BACK

n,i � X̄BACK

XSIG+BACK
max � X̄BACK

,

which translates and rescales the data so that the voxel intensities in each channel fall in the interval [0,1]. Here,
X̄BACK is the mean background across replicates (see Section S1.3.2), and

XSIG+BACK
max ⌘ max

n,i
XSIG+BACK

n,i

is the maximum total fluorescence across replicates (tabulated in Table S3).⇤ This simple and practical normalization
approach translates and rescales all voxels identically within a given channel (enabling comparison of slopes in
expression scatter plots between replicates), and does not attempt to remove scatter in the normalized signal estimate
that is caused by scatter in the background.

S1.3.4 Signal-to-background analysis

The signal-to-background ratio is estimated as (Choi et al., 2014):

X̄SIG/BACK = X̄SIG/X̄BACK (S3)

with standard deviation estimated via uncertainty propagation as

sSIG/BACK  X̄SIG/BACK

s✓
sSIG

X̄SIG

◆2

+

✓
sBACK

X̄BACK

◆2

. (S4)

The upper bound on estimated standard deviation holds under the assumption that the correlation between SIG and
BACK is non-negative. The estimated mean signal-to-background (X̄SIG/BACK± sSIG/BACK) is displayed for each
target mRNA in Table S3.

⇤For the homozygous vs heterozygous studies of Figure 3, XSIG+BACK
max is defined based on the homozygous replicates to enable com-

parison of slopes between embryo types.
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S1.3.5 Signal-to-signal analysis

For the homozygous vs heterozygous study of Figure 3, we estimate signal for two channels (desma and citrine)
in two sample types (hom and het). Using equation (S1), we estimate the mean signal across N = 3 homozygous
replicate embryos:

X̄SIG:hom
citrine = X̄SIG+BACK:hom

citrine � X̄BACK
citrine

X̄SIG:hom
desma = X̄SIG+BACK:hom

desma � X̄BACK
desma

and the mean signal across N = 3 heterozygous replicate embryos:

X̄SIG:het
citrine = X̄SIG+BACK:het

citrine � X̄BACK
citrine

X̄SIG:het
desma = X̄SIG+BACK:het

desma � X̄BACK
desma .

For each signal estimate, the sample standard deviation is estimated across replicates using equation (S2), yielding
sSIG:hom
citrine , sSIG:hom

desma , sSIG:het
citrine , sSIG:het

desma . To plot the bar graphs of Figure 3B (mean ± standard deviation over N = 3
replicate embryos), each channel is normalized by the estimated mean signal for the homozygous replicate embryos
(i.e., the citrine and desma bars for the homozygous embryos each have height 1 by definition).

For the bar graph of Figure 3C, we need to estimate the hom/het signal-to-signal ratio for the citrine channel. To
control for global variation in transcription between the two sample types (hom and het), we normalize the citrine
signal by the desma signal for each sample type, and then use these normalized values to calculate the hom/het ratio
for citrine.⇤ Using equation (S3), we estimate the signal-to-signal ratio for each sample type as:

X̄SIG/SIG:hom
citrine/desma = X̄SIG:hom

citrine /X̄SIG:hom
desma

and
X̄SIG/SIG:het

citrine/desma = X̄SIG:het
citrine /X̄SIG:het

desma

with standard deviations estimated via uncertainty propagation as:

sSIG/SIG:hom
citrine/desma  X̄SIG/SIG:hom

citrine/desma

s✓
sSIG:het
citrine

X̄SIG:hom
citrine

◆2

+

✓
sSIG:hom
desma

X̄SIG:hom
desma

◆2

and

sSIG/SIG:het
citrine/desma  X̄SIG/SIG:het

citrine/desma

s✓
sSIG:het
citrine

X̄SIG:het
citrine

◆2

+

✓
sSIG:het
desma

X̄SIG:het
desma

◆2

.

These upper bounds on estimated standard deviations hold under the assumption that the correlation is non-negative
between the two quantities whose ratios are being calculated.

Finally, the hom/het signal-to-signal ratio for citrine is then:

X̄SIG/SIG:hom/het
citrine = X̄SIG/SIG:hom

citrine/desma/X̄
SIG/SIG:het
citrine/desma

with standard deviation estimated via uncertainty propagation as:

sSIG/SIG:hom/het
citrine  X̄SIG/SIG:hom/het

citrine

vuuut

0

@
sSIG/SIG:hom
citrine/desma

X̄SIG/SIG:hom
citrine/desma

1

A
2

+

0

@
sSIG/SIG:het
citrine/desma

X̄SIG/SIG:het
citrine/desma

1

A
2

The upper bound on the estimated standard deviation holds under the assumption that the correlation is non-negative
between the two quantities whose ratios are being calculated. The values for the quantities in the above signal-to-
signal analysis are summarized in Table S4.

⇤Note that this approach assumes that the desma and Gt(desma-citrine) alleles express equally in heterozygous embryos.
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Quantity Value Figures

X̄SIG:hom
citrine ± sSIG:hom

citrine 987± 194 S24, S26

X̄SIG:hom
desma ± sSIG:hom

desma 838± 115 S24, S27

X̄SIG:het
citrine ± sSIG:het

citrine 479± 79 S25, S26

X̄SIG:het
desma ± sSIG:het

desma 770± 110 S25, S27

X̄SIG/SIG:hom
citrine/desma ± sSIG/SIG:hom

citrine/desma 1.2± 0.3

X̄SIG/SIG:het
citrine/desma ± sSIG/SIG:het

citrine/desma 0.6± 0.1

X̄SIG/SIG:hom/het
citrine ± sSIG/SIG:hom/het

citrine 2.0± 0.5

Table S4. Estimated signal-to-signal for the citrine channel in homozygous vs heterozygous embryos of Figure 3. Mean ±
standard deviation (N = 3 embryos).
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S2 Additional data

S2.1 Quantitation control studies

Physically, HCR signal/voxel is a sum of HCR signal/target, which is in turn a sum of HCR signal/polymer. Note
that the amplifiers do not first sum the number of targets and then generate a signal proportional to that sum. The
proportionality follows from summing the signal generated for individual target molecules, which in turn follows
from summing the signal generated by individual amplification polymers. Despite the linearity of this summation
process, the signal/voxel could scale nonlinearly with targets/voxel if the signal/polymer varied systematically in
space (e.g., a penetration effect) or systematically with target density (e.g., a crowding effect). For example, a
systematic penetration effect could potentially cause the signal/polymer to diminish in a depth-dependent fashion.
Alternatively, a systematic crowding effect caused by interactions between HCR amplification polymers tethered
to different target molecules could potentially cause the signal/polymer to increase or decrease depending on target
density. In a 2-channel redundant detection experiment, if a systematic penetration or crowding effect altered the
signal for both channels by the same factor, (xi, yi) voxel intensity pairs could slide undetected along the line in
a scatter plot, undermining the quantitative nature of the signal without undermining the appearance of the scatter
plot. Hence, it is important to rule out systematic penetration and crowding effects before using scatter plots to
assess quantitative accuracy and precision. In Sections S2.1.1 and S2.1.2 we perform control experiments to test for
systematic penetration and crowding effects. These studies suggest the absence of significant effects, supporting the
conclusion that scatter plots exhibiting a tight linear distribution with approximately zero intercept indicate that the
signal varies approximately linearly with target abundance, thus enabling accurate and precise relative quantitation
between voxels within an image.

S2.1.1 Testing probe penetration/hybridization time

In order to perform quantitative analyses at varying depths within thick samples, it is important to ensure that the
132-nt probes have sufficient time to penetrate the sample and hybridize to the target mRNA. Here, we do a 2-
channel study to simultaneously measure total fluorescence (signal plus background) for one target that expresses
deep within the embryo (ta) and one target that expresses near the surface of the embryo (citrine). For both targets, a
time course of probe penetration/hybridization time (Figure S1) reveals that the mean total fluorescence stabilizes for
probe penetration/hybridization times of 8 to 24 hours (Figure S2). For this reason, we perform probe hybridization
overnight for all studies.

1 2 4 8 16 24
Probe hybridization time (hours)

0

2500

M
ea

n 
to

ta
l f

lu
or

es
ce

nc
e

ta

citrine

Figure S1. Probe penetration/hybridization time course. Mean total fluorescence (signal plus background) intensity in regions
of high expression (rectangles of Figure S2) for each of 3 replicate embryos for each of 6 time points. Whole-mount transgenic
Gt(desma-citrine)ct122a/+ zebrafish embryos fixed 26 hpf.
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Replicate 1 Replicate 2 Replicate 3
ta citrine ta citrine ta citrine

 1
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Figure S2. Replicates for probe penetration/hybridization study of Figure S1. For each replicate, both target mRNAs are
imaged in the same embryo in different channels (citrine: Alexa647, ta: Alexa546). Rectangles denote regions used to plot
mean total fluorescence (signal plus background) in Figure S1. Whole-mount transgenic Gt(desma-citrine)ct122a/+ zebrafish
embryos fixed 26 hpf.
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S2.1.2 Testing for a crowding effect

In order to perform multiplexed quantitative imaging using HCR, it is important that there is not a crowding effect
in which amplification polymers tethered to one target molecule affect the signal intensity for a different target
molecule. To test for a possible crowding effect, we imaged two target mRNAs that are highly expressed in the
same cells (desma and tpm3) individually (1-target studies) and also simultaneously (2-target studies) within whole-
mount zebrafish embryos. Figure S3 compares the signal intensity distributions for 1-target and 2-target studies,
revealing similar intensity distributions whether targets were detected alone or together, suggesting that there is not
a significant crowding effect (either antagonistic or synergistic).

0 4000
Raw desma intensity
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nt
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80
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0

020406080100
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AC

B

Figure S3. Comparison of signal intensity distributions for individual and simultaneous imaging of desma and tpm3. (A) Raw
voxel intensity scatter plot: tpm3 channel vs desma channel. (B) Raw voxel intensity histogram for desma channel. (C) Raw
voxel intensity histogram for tpm3 channel. In panels B and C, solid lines denote average histograms over 6 replicate embryos
while symbols denote individual histograms (1 histogram per replicate). Orange data: signal plus background for desma and
tpm3 (Figure S4). Blue data: signal plus background for desma and background for tpm3 (Figure S5). Cyan data: background
for desma and signal plus background for tpm3 (Figure S6). Black data: background for desma and tpm3 (Figure S7). Voxel
size: 2×2 µm.Whole-mount wildtype zebrafish embryos fixed 26 hpf.
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Figure S4. Characterizing signal plus background for desma and tpm3 in a 2-target experiment. (A) Individual channels
from 2-channel confocal images depicting regions used to estimate signal plus background. desma channel: 7 probes and
amplifier B3-Alexa546. tpm3 channel: 2 probes and amplifier B1-Alexa647. For each of 6 replicate embryos, a representative
optical section was selected based on the expression depth of the target mRNAs. Pixel size: 0.6×0.6 µm. (B) Raw voxel
intensity scatter plots for the selected regions of panel A representing signal plus background for desma and tpm3. (C) Raw
voxel intensity histograms for the selected regions of panel A representing signal plus background for desma and tpm3. Same
microscope settings used for all replicates in Figures S4–S7. Voxel size: 2×2 µm. Whole-mount wildtype zebrafish embryos
fixed 26 hpf.
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Figure S5. Characterizing signal plus background for desma in a 1-target experiment. (A) Individual channels from 2-channel
confocal images depicting regions used to estimate signal plus background for desma and background for tpm3. desma channel:
7 probes and amplifier B3-Alexa546. tpm3 channel: no probes, no amplifier. For each of 6 replicate embryos, a representative
optical section was selected based on the expression depth of the target mRNA. Pixel size: 0.6×0.6 µm. (B) Raw voxel
intensity scatter plots for the selected regions of panel A representing signal plus background for desma and background for
tpm3. (C) Raw voxel intensity histograms for the selected regions of panel A representing signal plus background for desma and
background for tpm3. Same microscope settings used for all replicates in Figures S4–S7. Voxel size: 2×2 µm. Whole-mount
wildtype zebrafish embryos fixed 26 hpf.
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Figure S6. Characterizing signal plus background for tpm3 in a 1-target experiment. (A) Individual channels from 2-channel
confocal images depicting regions used to estimate background for desma and signal plus background for tpm3. desma channel:
no probes, no amplifier. tpm3 channel: 2 probes and amplifier B1-Alexa647. For each of 6 replicate embryos, a representative
optical section was selected based on the expression depth of the target mRNA. Pixel size: 0.6×0.6 µm. (B) Raw voxel
intensity scatter plots for the selected regions of panel A representing background for desma and signal plus background for
tpm3. (C) Raw voxel intensity histograms for the selected regions of panel A representing background for desma and signal plus
background for tpm3. Same microscope settings used for all replicates in Figures S4–S7. Voxel size: 2×2 µm. Whole-mount
wildtype zebrafish embryos fixed 26 hpf.

16

Development 145: doi:10.1242/dev.156869: Supplementary information

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



0 4000
Raw desma intensity

0

4000

R
aw

 tp
m

3 
in

te
ns

ity

0 4000
Raw desma intensity

0

50

100

Vo
xe

l c
ou

nt
s

0 4000
Raw tpm3 intensity

0

50

100

Vo
xe

l c
ou

nt
s

0 4000
Raw desma intensity

0

4000

R
aw

 tp
m

3 
in

te
ns

ity

0 4000
Raw desma intensity

0

50

100

Vo
xe

l c
ou

nt
s

0 4000
Raw tpm3 intensity

0

50

100

Vo
xe

l c
ou

nt
s

0 4000
Raw desma intensity

0

4000
R

aw
 tp

m
3 

in
te

ns
ity

0 4000
Raw desma intensity

0

50

100

Vo
xe

l c
ou

nt
s

0 4000
Raw tpm3 intensity

0

50

100

Vo
xe

l c
ou

nt
s

0 4000
Raw desma intensity

0

4000

R
aw

 tp
m

3 
in

te
ns

ity

0 4000
Raw desma intensity

0

50

100
Vo

xe
l c

ou
nt

s

0 4000
Raw tpm3 intensity

0

50

100

Vo
xe

l c
ou

nt
s

0 4000
Raw desma intensity

0

4000

R
aw

 tp
m

3 
in

te
ns

ity

0 4000
Raw desma intensity

0

50

100

Vo
xe

l c
ou

nt
s

0 4000
Raw tpm3 intensity

0

50

100
Vo

xe
l c

ou
nt

s

0 4000
Raw desma intensity

0

4000

R
aw

 tp
m

3 
in

te
ns

ity

0 4000
Raw desma intensity

0

50

100

Vo
xe

l c
ou

nt
s

0 4000
Raw tpm3 intensity

0

50

100

Vo
xe

l c
ou

nt
s

Re
pl

ic
at

e 
1

Re
pl

ic
at

e 
2

Re
pl

ic
at

e 
3

Re
pl

ic
at

e 
4

Re
pl

ic
at

e 
5

Re
pl

ic
at

e 
6

desma Alexa 546 tpm3 Alexa 647 A B C desma Alexa 546 tpm3 Alexa 647 

Figure S7. Characterizing background for desma and tpm3. Individual channels from 2-channel confocal images depicting
regions used to estimate background using the standard in situ protocol omitting probes (BACK ≈ AF + NSA; see Section S1.3.2
for definitions). For each of 6 replicate embryos, a representative optical section was selected at approximately the depth where
desma and tpm3 are expressed. Same microscope settings used for all replicates in Figures S4–S7. Pixel size: 0.6×0.6 µm. (B)
Raw voxel intensity scatter plots for the selected region of panel A. (C) Raw voxel intensity histograms for the scatter plots of
panel B. Voxel size: 2×2 µm. Whole-mount wildtype zebrafish embryos fixed 26hpf.
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S2.2 Effect of voxel size and probe set size on precision

The precision of expression scatter plots can be improved by averaging over larger voxels or by using a larger probe
set. To see this, let us consider a simple model for the signal generated per amplification polymer, and examine the
effect on precision as we increase the size of the voxel or the size of the probe set. Suppose each pixel contains one
target mRNA that is detected with a single probe that generates a single HCR amplification polymer, and that the
signal per amplification polymer is an independent random variable sampled from a normal distribution with mean
µX and standard deviation �X . If we sum M of these independent normally distributed random variables, we obtain
a normally distributed random variable with mean MµX and standard deviation

p
M�X (Grimmett & Stirzaker,

2004). Now let us consider the effect of increasing the voxel size or the probe set size.

Increasing voxel size. Suppose we average
p
M ⇥

p
M neighboring pixel intensities to create voxels, so each

voxel contains M amplification polymers. Then the signal per voxel will be normally distributed with mean µX and
standard deviation �X/

p
M . Hence, the scatter around the mean decreases as the voxel size increases, corresponding

to an increase in precision, at the cost of a reduction in spatial resolution.

Increasing probe set size. Alternatively, suppose we use the original pixels and increase the probe set size by a
factor of M , so each pixel contains M amplification polymers. The signal per target molecule will be normally
distributed with mean MµX and standard deviation

p
M�X . To normalize the signal intensity for comparison to the

original image, we divide by a factor of M , so the normalized signal per pixel will be normally distributed with mean
µX and standard deviation �X/

p
M . Hence, the scatter around the mean decreases as the probe set size increases,

corresponding to an increase in precision. In this case there is no loss in spatial resolution, but there is an increase
in the cost of the probe set.

Increasing voxel size and probe set size. The precision benefits of increasing voxel size and probe set size can
be exploited simultaneously, as we do in the present work by using probe sets with multiple probes (Table S1) and
averaging pixels to obtain subcellular voxels of roughly 2⇥2 µm (Table S2). Figure S8 illustrates the relationship
between precision and voxel size for the four target mRNAs of Figure 2. In these examples, the precision increases
with voxel size until the voxel size approaches the length scale of the expression pattern (e.g., for the speckled
expression pattern of elavl3).
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Figure S8. Relationship between precision and voxel size for four target mRNAs (cf. Figure 2CD). The data using 2×2 µm
voxels are the same as in Figure 2C. For each target, all voxel intensities are normalized using the approach of Section S1.3.3
and the values in Table S3 (Pearson correlation coefficient, r).
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Demonstration of averaging effects with simulated data. To further examine the effects of averaging on quan-
titative precision, we simulate a 2-channel redundant detection experiment (analogous to Figure 2). With this simu-
lated approach, we can not only examine the precision of the voxel intensity plot that is the output of an experiment
(as would be the case with wet lab data), but can also inspect the precision of the intermediates that contribute to that
overall precision. For each simulated experiment, we generate raw signal and raw background for each pixel, which
are then added to yield the raw signal plus background (total fluorescence) for each pixel. We then estimate the
normalized signal using the same procedure as for experimental data (see Section S1.3.3). Note that this estimated
signal will have more scatter than the original generated signal because it now includes scatter from the background,
which is not removed during the normalization process.

The details of the model used to generate simulated images are as follows:

• Simulated field-of-view: 100⇥100 pixels (background and signal are simulated for each pixel).
• Target mRNAs per pixel: mean = 0.4, distribution based on 100⇥100 pixel field-of-view (Figure S9A) from an

image used to estimate signal plus background for citrine (Alexa 546 channel of Figure S15). With 0.7⇥0.7µm
pixels and assuming 7⇥7 µm cell size, this corresponds to a mean of 40 mRNAs per cell. The distribution of
mRNAs across pixels is based on an experimental image to ensure that for the simulated image, averaging of
neighboring pixels to create voxels will be done over pixels with biologically relevant correlations. For a pixel
containing a non-integer number of mRNAs, the signal is scaled proportionally (e.g., for a pixel containing
2.3 target molecules, we simulate signal for 3 target molecules and scale the result: 2.3/3 ⇥ (SIG1 + SIG2 +
SIG3), representing a simple form of bookkeeping to account for the fact that the signal generated for target
molecules can cross pixel boundaries.

• Background per pixel: normally distributed with mean = 492 and standard deviation = 100 (on 0 to 4095 scale
of confocal microscope image). These values were calculated based on a 100⇥100 pixel field-of-view from
an image used to estimate background for citrine (Alexa 546 channel of Figure S16). For simplicity, the same
parameters are used to randomly generate the background independent of the size of the probe set.

• Probe set size: 1, 3, or 9 probes.
• Probe hybridization yield: 0.5 (one sample from Bernoulli distribution per probe to determine if target is

detected by probe).
• HCR polymers per probe: 2 (one HCR initiator at each end).
• HCR polymer length: normally distributed with mean = 200 monomers (Choi et al., 2014) and standard

deviation = 40 monomers (one sample per HCR initiator).
• Fluorophores per HCR monomer: 1 (each HCR hairpin carries one fluorophore).
• Fluorescence units per fluorophore: 6.39 (on 0 to 4095 scale of confocal microscope image; this value is

chosen so that simulated mean total fluorescence per voxel (signal plus background) matches the experimental
value of 2025 for the field-of-view of Figure S9A).

• Voxel size: 1⇥1, 3⇥3, or 9⇥9 pixels per voxel (pixel values averaged to obtain voxel value).

For the baseline case using a probe set with 3 probes and 1⇥1 pixels per voxel (to match the conditions used in the
original experiment of Figure S15), the expected value for the signal per voxel is:

mean signal per voxel = 0.4 targets per pixel
⇥ 3 probes in set
⇥ 0.5 probe hybridization yield
⇥ 2 polymers per probe
⇥ 200 monomers per polymer
⇥ 1 fluorophore per monomer
⇥ 6.39 fluorescence units per fluorophore

= 1533.6 fluorescence units (on 0 to 4095 scale of confocal microscope image).

The expected value of the background per voxel is 492 fluorescence units, the expected value of the mean total
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fluorescence (signal plus background) is 2025.6 = 1533.6 + 492 fluorescence units, and the expected value for the
signal-to-background is 3.1. For simplicity, these same parameters are used to independently randomly generate the
background and signal for both channels in the simulated redundant detection experiment.

Figure S9B depicts the 100⇥100 pixel simulated image (signal plus background) based on the experimental im-
age of Figure S9A. Figures S10 and S11 illustrate with simulated data the beneficial effect on precision of increasing
either the voxel size, the probe set size, or both.

A             Experimental image B                Simulated image
Experimental image

Simulated image

C

5 µm

0 4000Signal + background intensity
0

100
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300
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500
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Vo
xe
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Figure S9. Experimental and simulated images used to examine effects of voxel size and probe set size on precision in
Figures S10 and S11. (A) Experimental image. (B) Simulated image. (C) Pixel intensity histograms for experimental and
simulated images.
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Figure S10. Simulations to study the effect of averaging on precision. Rows represent different probe set sizes: 1, 3, or 9
probes per set. Colors denote different voxel sizes: 1×1, 3×3, or 9×9 pixels per voxel. (A) Simulated signal. (B) Simulated
background. (C) Simulated signal plus background. (D) Estimated normalized signal calculated using the approach of Sec-
tion S1.3.3 and the values denoted by dashed lines in panel C (Pearson correlation coefficient, r). The same normalization is
performed for all voxels within a row.
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Figure S11. Simulations to study the effect of averaging on precision. Rows represent different voxel sizes: 1×1, 3×3, or 9×9
pixels per voxel. Colors denote different probe set sizes: 1, 3, or 9 probes per set. (A) Simulated signal. (B) Simulated back-
ground. (C) Simulated signal plus background. Dashed lines denote values used for normalization. (D) Estimated normalized
signal calculated using the approach of Section S1.3.3 and the values denoted by dashed lines in panel C (Pearson correlation
coefficient, r). The same normalization is performed for all voxels within a row.
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S2.3 Replicates and additional redundant mapping data (cf. Figure 2)

This section provides replicates for the redundant mapping studies of Figure 2, including characterization of signal
and background for each channel and target mRNA. The following types of data are presented for each of four
targets:

• Raw 2-channel images depicting regions used to estimate signal plus background or background for each
channel (see Section S1.3.2 for a description of the different approaches used for different types of target
mRNAs).

• Raw voxel intensity scatter plots representing signal plus background or background (see Section S1.3.1 for
definitions).

• Normalized voxel intensity scatter plots representing estimated normalized signal (see Section S1.3.3 for
definitions). For a given channel and target mRNA, the normalization process translates and rescales all
voxel intensities identically across replicates, enabling comparison of amplitudes and slopes within expression
scatter plots for different embryos.

• Raw voxel intensity histograms representing signal plus background or background for each channel.
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S2.3.1 desma in whole-mount zebrafish embryos
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Figure S12. Characterizing signal plus background for redundant detection of desma (cf. Figure 2). (A) Individual channels
from 2-channel confocal images depicting regions used to estimate signal plus background. For each of six replicate embryos,
a representative optical section was selected based on the expression depth of the target mRNA. Pixel size: 0.7×0.7 µm. (B)
Raw voxel intensity scatter plots representing signal plus background for the selected regions of panel A (Pearson correlation
coefficient, r). Dashed lines denote values tabulated in Table S3 that are used for voxel intensity normalization via the method
of Section S1.3.3. Voxel size: 2×2 µm. (C) Normalized voxel intensity scatter plots representing estimated normalized signal.
Whole-mount wildtype zebrafish embryos fixed 26 hpf.
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Figure S13. Characterizing background for redundant detection of desma (cf. Figure 2). (A) Individual channels from 2-
channel confocal images depicting regions used to estimate background using the standard in situ protocol omitting probes
(BACK ≈ AF + NSA; see Section S1.3.2 for definitions). For each of six replicate embryos, a representative optical section
was selected at approximately the depth where desma is expressed. Same microscope settings as for Figure S12. Pixel size:
0.7×0.7 µm. (B) Raw voxel intensity scatter plots representing background for the selected regions of panel A. Voxel size:
2×2 µm. Whole-mount wildtype zebrafish embryos fixed 26 hpf.
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Figure S14. Raw voxel intensity histograms for redundant detection of desma (cf. Figure 2). (A) Signal plus background
for each channel (voxels in selected regions of Figure S12). (B) Background for each channel (voxels in selected regions
of Figure S13). The same microscope settings are used for all replicates. The total number of voxels is the same for each
histogram.
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S2.3.2 citrine in whole-mount zebrafish embryos

0 4000
Raw green intensity

0

4000

R
aw

 re
d 

in
te

ns
ity

r=0.91

0 4000
Raw green intensity

0

4000

R
aw

 re
d 

in
te

ns
ity

r=0.89

0 4000
Raw green intensity

0

4000

R
aw

 re
d 

in
te

ns
ity

r=0.92

0 4000
Raw green intensity

0

4000

R
aw

 re
d 

in
te

ns
ity

r=0.92

0 4000
Raw green intensity

0

4000

R
aw

 re
d 

in
te

ns
ity

r=0.91

0 4000
Raw green intensity

0

4000

R
aw

 re
d 

in
te

ns
ity

r=0.93

0 1
Normalized green intensity

0

1

N
or

m
al

iz
ed

 re
d 

in
te

ns
ity

r=0.91

0 1
Normalized green intensity

0

1

N
or

m
al

iz
ed

 re
d 

in
te

ns
ity

r=0.89

0 1
Normalized green intensity

0

1

N
or

m
al

iz
ed

 re
d 

in
te

ns
ity

r=0.92

0 1
Normalized green intensity

0

1

N
or

m
al

iz
ed

 re
d 

in
te

ns
ity

r=0.92

0 1
Normalized green intensity

0

1

N
or

m
al

iz
ed

 re
d 

in
te

ns
ity

r=0.91

0 1
Normalized green intensity

0

1

N
or

m
al

iz
ed

 re
d 

in
te

ns
ity

r=0.93

Re
pl

ic
at

e 
1

Re
pl

ic
at

e 
2

Re
pl

ic
at

e 
3

Re
pl

ic
at

e 
4

Re
pl

ic
at

e 
5

Re
pl

ic
at

e 
6

Alexa 546 Alexa 647A B C

50 µm50 µm

Figure S15. Characterizing signal plus background for redundant detection of citrine (cf. Figure 2). (A) Individual channels
from 2-channel confocal images depicting regions used to estimate signal plus background. For each of six replicate embryos,
a representative optical section was selected for each channel based on the expression depth of the target mRNA. Pixel size:
0.7×0.7 µm. (B) Raw voxel intensity scatter plots representing signal plus background for the selected regions of panel
A (Pearson correlation coefficient, r). Dashed lines denote values tabulated in Table S3 that are used for voxel intensity
normalization via the method of Section S1.3.3. Voxel size: 2×2 µm. (C) Normalized voxel intensity scatter plots representing
estimated normalized signal. Whole-mount transgenic Gt(desma-citrine)ct122a/+ zebrafish embryos fixed 26 hpf.
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Figure S16. Characterizing background for redundant detection of citrine (cf. Figure 2). (A) Individual channels from 2-
channel confocal images used to estimate background in wildtype embryos lacking the target (BACK = AF + NSA + NSD;
see Section S1.3.2). For each of six replicate embryos, a representative optical section was selected at approximately the depth
where citrine is expressed in transgenic embryos. Same microscope settings as for Figure S15. Pixel size: 0.7×0.7 µm. (B) Raw
voxel intensity scatter plots representing background for the selected regions of panel A. Voxel size: 2×2 µm. Whole-mount
wildtype zebrafish embryos fixed 26 hpf.
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Figure S17. Raw voxel intensity histograms for redundant detection of citrine (cf. Figure 2). (A) Signal plus background
for each channel (voxels in selected regions of Figure S15). (B) Background for each channel (voxels in selected regions
of Figure S16). The same microscope settings are used for all replicates. The total number of voxels is the same for each
histogram.
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S2.3.3 elavl3 in whole-mount zebrafish embryos
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Figure S18. Characterizing signal plus background for redundant detection of elavl3 (cf. Figure 2). (A) Individual channels
from 2-channel confocal images depicting regions used to estimate signal plus background. For each of six replicate embryos,
a representative optical section was selected based on the expression depth of the target mRNA. Pixel size: 0.7×0.7 µm. (B)
Raw voxel intensity scatter plots representing signal plus background for the selected regions of panel A (Pearson correlation
coefficient, r). Dashed lines denote values tabulated in Table S3 that are used for voxel intensity normalization via the method
of Section S1.3.3. Voxel size: 2 × 2 µ m. (C) Normalized voxel intensity scatter plots representing estimated normalized
signal. Whole-mount wildtype zebrafish embryos fixed 26 hpf.
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Figure S19. Characterizing background for redundant detection of elavl3 (cf. Figure 2). (A) Individual channels from 2-
channel confocal images depicting regions used to estimate background (BACK = AF + NSA + NSD; see Section S1.3.2);
different regions of these same images used to estimate signal plus background in Figure S18. Pixel size: 0.7×0.7 µm. (B)
Raw voxel intensity scatter plots representing background for the selected regions of panel A. Voxel size: 2×2 µm. Whole-
mount wildtype zebrafish embryos fixed 26 hpf.

32

Development 145: doi:10.1242/dev.156869: Supplementary information

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



0 4000
Raw green intensity

0

5

10

15

Vo
xe

l c
ou

nt
s

0 4000
Raw red intensity

0

5

10

15

Vo
xe

l c
ou

nt
s

0 4000
Raw green intensity

0

5

10

15

Vo
xe

l c
ou

nt
s

0 4000
Raw red intensity

0

5

10

15

Vo
xe

l c
ou

nt
s

0 4000
Raw green intensity

0

5

10

15

Vo
xe

l c
ou

nt
s

0 4000
Raw red intensity

0

5

10

15

Vo
xe

l c
ou

nt
s

0 4000
Raw green intensity

0

5

10

15

Vo
xe

l c
ou

nt
s

0 4000
Raw red intensity

0

5

10

15

Vo
xe

l c
ou

nt
s

0 4000
Raw green intensity

0

5

10

15

Vo
xe

l c
ou

nt
s

0 4000
Raw red intensity

0

5

10

15

Vo
xe

l c
ou

nt
s

0 4000
Raw green intensity

0

5

10

15

Vo
xe

l c
ou

nt
s

0 4000
Raw red intensity

0

5

10

15

Vo
xe

l c
ou

nt
s

Re
pl

ic
at

e 
1

Re
pl

ic
at

e 
2

Re
pl

ic
at

e 
3

Re
pl

ic
at

e 
4

Re
pl

ic
at

e 
5

Re
pl

ic
at

e 
6

Alexa 546 Alexa 647

Background
Signal + background

Background
Signal + background

Figure S20. Raw voxel intensity histograms for redundant detection of elavl3 (cf. Figure 2). Signal plus background for each
channel (voxels in selected regions of Figure S18) and background for each channel (voxels in selected regions of Figure S19).
Signal plus background and background are characterized in different regions of the same image for each replicate embryo.
The total number of voxels is the same for each histogram.

33

Development 145: doi:10.1242/dev.156869: Supplementary information

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



S2.3.4 Acta2 in whole-mount mouse embryos
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Figure S21. Characterizing signal plus background for redundant detection of Acta2 (cf. Figure 2). (A) Individual channels
from 2-channel confocal images depicting regions used to estimate signal plus background. For each of three replicate embryos,
a representative optical section was selected based on the expression depth of the target mRNA. Pixel size: 0.07×0.07 µm. (B)
Raw voxel intensity scatter plots representing signal plus background for the selected regions of panel A (Pearson correlation
coefficient, r). Dashed lines denote values tabulated in Table S3 that are used for voxel intensity normalization via the method
of Section S1.3.3. Voxel size: 2×2µm. (C) Normalized voxel intensity scatter plots representing estimated normalized signal.
Whole-mount wildtype mouse embryos fixed E9.5.
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Figure S22. Characterizing background for redundant detection of Acta2 (cf. Figure 2). (A) Individual channels from 2-channel
confocal images depicting regions used to estimate background (BACK = AF + NSA + NSD; see Section S1.3.2); different
regions of these same images used to estimate signal plus background in Figure S21. Pixel size: 0.07×0.07 µm. (B) Raw voxel
intensity scatter plots representing background for the selected regions of panel A. Voxel size: 2×2 µm. Whole-mount wildtype
mouse embryos fixed E9.5.
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Figure S23. Raw voxel intensity histograms for redundant detection of Acta2 (cf. Figure 2). Signal plus background for each
channel (voxels in selected regions of Figure S21) and background for each channel (voxels in selected regions of Figure S22).
Signal plus background and background are characterized in different regions of the same image for each replicate embryo.
The total number of voxels is the same for each histogram.
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S2.4 Replicates and additional homozyogous vs heterozygous data (cf. Figure 3)

This section provides replicates for the homozygous vs heterozygous study of Figure 3, including characterization
of signal and background as follows:

• For transgenic target citrine, signal plus background is characterized in homozygous embryos (Figure S24) and
heterozygous embryos (Figure S25) containing the target. Background is characterized in wildtype embryos
lacking the target (Figure S26).

• For endogenous target desma, signal is characterized in homozygous embryos (Figure S24) and heterozygous
embryos (Figure S25) containing the target. Background is characterized in wildtype embryos containing the
target using the standard in situ protocol omitting probes (Figure S27).

For each target, the identical normalization is used for both homozygous and heterozygous embryos (based on the
maximum voxel intensity in the homozygous replicates), enabling comparison of amplitudes and slopes between
embryo types. Raw voxel intensity histograms for signal plus background and background are shown for both
targets in Figure S28.

S2.4.1 Homozygous embryos
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Figure S24. Characterizing signal plus background for citrine and desma in homozygous embryos (cf. Figure 3). (A) Individual
channels from 2-channel confocal images depicting regions used to estimate signal plus background. For each of 3 replicate
embryos, a representative optical section was selected based on the expression depth of the target mRNAs. Pixel size: 0.7×0.7
µm. (B) Raw voxel intensity scatter plots representing signal plus background for the selected regions of panel A (Pearson
correlation coefficient, r). Dashed lines denote values tabulated in Table S3 that are used for voxel intensity normalization
via the method of Section S1.3.3. Voxel size: 2×2 µm. (C) Normalized voxel intensity scatter plots representing estimated
normalized signal. Whole-mount homozygous Gt(desma-citrine)ct122a/ct122a zebrafish embryos fixed 26 hpf.
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S2.4.2 Heterozygous embryos
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Figure S25. Characterizing signal plus background for citrine and desma in heterozygous embryos (cf. Figure 3). (A)
Individual channels from 2-channel confocal images depicting regions used to estimate signal plus background. For each of
3 replicate embryos, a representative optical section was selected based on the expression depth of the target mRNAs. Same
microscope settings as for Figure S24. Pixel size: 0.7×0.7 µm. (B) Raw voxel intensity scatter plots representing signal plus
background for the selected regions of panel A (Pearson correlation coefficient, r). Dashed lines denote values tabulated in
Table S3 that are used for voxel intensity normalization via the method of Section S1.3.3. Voxel size: 2×2 µm. (C) Normalized
voxel intensity scatter plots representing estimated normalized signal. Whole-mount heterozygous Gt(desma-citrine)ct122a/+

zebrafish embryos fixed 26 hpf.
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S2.4.3 Wildtype embryos
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Figure S26. Characterizing background for citrine in wildtype embryos (cf. Figure 3). (A) Individual channels from 2-
channel confocal images used to estimate background in wildtype embryos lacking the target (BACK = AF + NSA + NSD;
see Section S1.3.2). For each of 3 replicate embryos, a representative optical section was selected at the depth where desma
is expressed. Same microscope settings as for Figure S24. Pixel size: 0.7×0.7 µm. (B) Raw voxel intensity scatter plots
representing citrine background and desma signal plus background for the selected regions of panel A. Voxel size: 2×2 µm.
Whole-mount wildtype zebrafish embryos fixed 26 hpf.
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Figure S27. Characterizing background for desma in wildtype embryos (cf. Figure 3). (A) Individual channels from 2-channel
confocal images depicting regions used to estimate background using the standard in situ protocol omitting probes (BACK ≈
AF + NSA ; see Section S1.3.2 for definitions). For each of 3 replicate embryos, a representative optical section was selected
at approximately the depth where desma is expressed. Same microscope settings as for Figure S24. Pixel size: 0.7×0.7 µm.
(B) Raw voxel intensity scatter plots representing citrine and desma background for the selected regions of panel A. Voxel size:
2×2 µm. Whole-mount wildtype zebrafish embryos fixed 26 hpf.
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Figure S28. Raw voxel intensity histograms for citrine and desma (cf. Figure 3). (A) Signal plus background in homozygous
embryos (voxels in selected regions of Figure S24). (B) Signal plus background in heterozygous embryos (voxels in selected
regions of Figure S25). (C) Background for citrine in wildtype embryos (voxels in selected regions of Figure S26). (D)
Background for desma in wildtype embryos (voxels in selected regions of Figure S27). The same microscope settings are used
for all replicates. The total number of voxels is the same for each histogram.
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S2.5 Replicates and additional read-out/read-in data (cf. Figure 4)

4-channel mean intensity images are used to display expression for 4 target mRNAs. For each channel, a stack of
five optical sections was selected based on the expression depth of the corresponding mRNA. Different regions of
the same mean intensity images are analyzed for Figures 4, 5, and S29–S47. Expression scatter plots are presented
using normalized voxel intensities for each channel (see Section S1.3.3 for definitions). For a given channel, the nor-
malization process translates and rescales all voxel intensities identically across replicates, enabling comparison of
amplitudes and slopes within expression scatter plots for different embryos. The following studies are presented:

• Section S2.5.1 characterizes signal and background using the definitions and methods of Section S1.3 for
each of 4 target mRNAs. Mean signal, background, and signal-to-background estimates are summarized in
Table S3.

• Section S2.5.2 presents the raw voxel intensity scatter plots used for the read-out/read-in studies of Figures 4
and S34–S40.

• Sections S2.5.3–S2.5.6 present additional read-out/read-in examples for four embryos. Cluster shading is
propagated between the quadrants in the expression scatter plots, which is akin to projecting the voxel inten-
sities onto 4 axes, but without the difficulty of 4-dimensional visualization. This approach can be extended to
N -dimensional expression data simply by using

�N
2

�
pairwise scatter plots (for compactness we display only

4 of the 6 possible pairwise plots for N = 4 targets).
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S2.5.1 Characterizing signal and background for myod1, tpm3, her1, her7
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Figure S29. Characterizing signal and background for myod1 (cf. Figures 4 and 5). (A) Mean intensity images from 4-
channel confocal images depicting regions used to estimate signal plus background (white boundary) and background (yellow
boundary). For each of four replicate embryos, a stack of five optical sections was selected based on the expression depth of
myod1. Pixel size: 0.7⇥0.7 µm. (B) Raw voxel intensity histograms for signal plus background (voxels within white boundary
of panel A) and background (voxels within yellow boundary). Voxel size: 2⇥2 µm. The total number of voxels is the same for
each histogram. Whole-mount wildtype zebrafish embryos fixed 10 hpf.
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Figure S30. Characterizing signal and background for tpm3 (cf. Figures 4 and 5). (A) Mean intensity images from 4-
channel confocal images depicting regions used to estimate signal plus background (white boundary) and background (yellow
boundary). For each of four replicate embryos, a stack of five optical sections was selected based on the expression depth of
tpm3. Pixel size: 0.7⇥0.7 µm. (B) Raw voxel intensity histograms for signal plus background (voxels within white boundary
of panel A) and background (voxels within yellow boundary). Voxel size: 2⇥2 µm. The total number of voxels is the same for
each histogram. Whole-mount wildtype zebrafish embryos fixed 10 hpf.
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Figure S31. Characterizing signal and background for her1 (cf. Figures 4 and 5). (A) Mean intensity images from 4-channel
confocal images depicting regions used to estimate signal plus background (white boundary) and background (yellow bound-
ary). For each of four replicate embryos, a stack of five optical sections was selected based on the expression depth of her1.
Pixel size: 0.7⇥0.7 µm. (B) Raw voxel intensity histograms for signal plus background (voxels within white boundary of panel
A) and background (voxels within yellow boundary). Voxel size: 2⇥2 µm. The total number of voxels is the same for each
histogram. Whole-mount wildtype zebrafish embryos fixed 10 hpf.
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Figure S32. Characterizing signal and background for her7 (cf. Figures 4 and 5). (A) Mean intensity images from 4-channel
confocal images depicting regions used to estimate signal plus background (white boundary) and background (yellow bound-
ary). For each of four replicate embryos, a stack of five optical sections was selected based on the expression depth of her7.
Pixel size: 0.7⇥0.7 µm. (B) Raw voxel intensity histograms for signal plus background (voxels within white boundary of panel
A) and background (voxels within yellow boundary). Voxel size: 2⇥2 µm. The total number of voxels is the same for each
histogram. Whole-mount wildtype zebrafish embryos fixed 10 hpf.
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S2.5.2 Raw data for read-out/read-in studies
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Figure S33. Raw data for read-out and read-in for all embryos (cf. Figures 4 and S34–S40). Raw voxel intensity scatter
plots representing signal plus background for the selected regions used for read-out/read-in for Embryos 1–4. Dashed lines
denote values tabulated in Table S3 that are used for voxel intensity normalization via the method of Section S1.3.3. Voxel size:
2×2×6 µm.
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S2.5.3 Read-out/read-in examples for Embryo 1
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Figure S34. Additional quantitative read-out and read-in examples for Embryo 1 (cf. Figure 4). In contrast to Figure 4CD,
where quantitative read-out is followed by selection of expression clusters of interest in the her7-myod1 quadrant, here ex-
pression clusters are selected in either the (A) tpm3-myod1 quadrant, (B) her7-her1 quadrant, or (C) tpm3-her1 quadrant.
Quantitative read-in then automatically segments the 4-channel image to reveal the corresponding anatomical loci within the
embryo.
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S2.5.4 Read-out/read-in examples for Embryo 2
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Figure S35. Quantitative read-out and read-in for Embryo 2 (cf. Figure 4). (A) Four-channel quantitative expression map
for four target mRNAs in a whole-mount zebrafish embryo. For each channel, a mean intensity image is shown for a stack of
five optical sections selected based on the expression depth of the corresponding target mRNA. Confocal microscopy. Embryo
fixed 10 hpf. Pixel size: 0.7⇥0.7 µm. (B) Normalized expression profiles for four target mRNAs along a strip of interest (see
panel A) crossing four somites (S7, S8, S9, S10) and the presomitic mesoderm (PSM). (C) Read-out from a region of interest
(see panel A) within a 4-channel image (left) to pairwise expression scatter plots (right), revealing distinct expression clusters
with different slopes and amplitudes. Each point within an expression scatter plot represents normalized voxel intensities for
a pair of target mRNAs. Voxel size: 2⇥2⇥6 µm. (D) Read-in from expression clusters selected in the her7-myod1 quadrant
(left) back into the embryo (right), automatically segmenting the 4-channel image to reveal the corresponding anatomical loci.
Lavender, yellow, orange, and cyan cluster shading is propagated into the other three quadrants.
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Figure S36. Additional quantitative read-out and read-in examples for Embryo 2 (cf. Figure S35). In contrast to Figure
S35CD, where quantitative read-out is followed by selection of expression clusters of interest in the her7-myod1 quadrant, here
expression clusters are selected in either the (A) tpm3-myod1 quadrant, (B) her7-her1 quadrant, or (C) tpm3-her1 quadrant.
Quantitative read-in then automatically segments the 4-channel image to reveal the corresponding anatomical loci within the
embryo. Voxel intensities are re-normalized within each segmented image to emphasize local expression features within each
segmentation.
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S2.5.5 Read-out/read-in examples for Embryo 3
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Figure S37. Quantitative read-out and read-in for Embryo 3 (cf. Figure 4). (A) Four-channel quantitative expression map for
four target mRNAs in a whole-mount zebrafish embryo. For each channel, a mean intensity image is shown for a stack of five
optical sections selected based on the expression depth of the corresponding target mRNA. Confocal microscopy. Embryo fixed
10 hpf. Pixel size: 0.7×0.7 µm. (B) Normalized expression profiles for four target mRNAs along a strip of interest (see panel
A) crossing four somites (S7, S8, S9, S10) and the presomitic mesoderm (PSM). (C) Read-out from a region of interest (see
panel A) within a 4-channel image (left) to pairwise expression scatter plots (right), revealing distinct expression clusters with
different slopes and amplitudes. Each point within an expression scatter plot represents normalized voxel intensities for a pair of
target mRNAs. Voxel size: 2×2×6 µm. (D) Read-in from expression clusters selected in the her7-myod1 quadrant (left) back
into the embryo (right), automatically segmenting the 4-channel image to reveal the corresponding anatomical loci. Lavender,
yellow, orange, and cyan cluster shading is propagated into the other three quadrants.Voxel intensities are re-normalized within
each segmented image to emphasize local expression features within each segmentation.
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Figure S38. Additional quantitative read-out and read-in examples for Embryo 3 (cf. Figure S37). In contrast to Figure
S37CD, where quantitative read-out is followed by selection of expression clusters of interest in the her7-myod1 quadrant, here
expression clusters are selected in either the (A) tpm3-myod1 quadrant, (B) her7-her1 quadrant, or (C) tpm3-her1 quadrant.
Quantitative read-in then automatically segments the 4-channel image to reveal the corresponding anatomical loci within the
embryo.
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S2.5.6 Read-out/read-in examples for Embryo 4
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Figure S39. Quantitative read-out and read-in for Embryo 4 (cf. Figure 4). (A) Four-channel quantitative expression map
for four target mRNAs in a whole-mount zebrafish embryo. For each channel, a mean intensity image is shown for a stack of
five optical sections selected based on the expression depth of the corresponding target mRNA. Confocal microscopy. Embryo
fixed 10 hpf. Pixel size: 0.7⇥0.7 µm. (B) Normalized expression profiles for four target mRNAs along a strip of interest (see
panel A) crossing three somites (S8, S9, S10) and the presomitic mesoderm (PSM). (C) Read-out from a region of interest (see
panel A) within a 4-channel image (left) to pairwise expression scatter plots (right), revealing distinct expression clusters with
different slopes and amplitudes. Each point within an expression scatter plot represents normalized voxel intensities for a pair of
target mRNAs. Voxel size: 2⇥2⇥6 µm. (D) Read-in from expression clusters selected in the her7-myod1 quadrant (left) back
into the embryo (right), automatically segmenting the 4-channel image to reveal the corresponding anatomical loci. Lavender,
yellow, orange, and cyan cluster shading is propagated into the other three quadrants.Voxel intensities are re-normalized within
each segmented image to emphasize local expression features within each segmentation.
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Figure S40. Additional quantitative read-out and read-in examples for Embryo 4 (cf. Figure S39). In contrast to Figure
S39CD, where quantitative read-out is followed by selection of expression clusters of interest in the her7-myod1 quadrant, here
expression clusters are selected in either the (A) tpm3-myod1 quadrant, (B) her7-her1 quadrant, or (C) tpm3-her1 quadrant.
Quantitative read-in then automatically segments the 4-channel image to reveal the corresponding anatomical loci within the
embryo.
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S2.6 Replicates and additional somitogenesis data (cf. Figure 5)

4-channel mean intensity images are used to display expression for 4 target mRNAs. For each channel, a stack of
five optical sections was selected based on the expression depth of the corresponding mRNA. Different regions of
the same mean intensity images are analyzed for Figures 4, 5, and S29–S47. Expression scatter plots are presented
using normalized voxel intensities for each channel (see Section S1.3.3 for definitions). For a given channel, the nor-
malization process translates and rescales all voxel intensities identically across replicates, enabling comparison of
amplitudes and slopes within expression scatter plots for different embryos. The following studies are presented:

• Section S2.6.1 presents the raw voxel intensity scatter plots used for the somitogenesis studies of Figures 5
and S42–S47.

• Section S2.6.2 compares expression scatter plots for left and right somites for each of four replicate embryos.
Assuming that somitogenesis is symmetrical and that comparable regions are analyzed in the left and right
somites, the resulting left and right scatter plots serve as technical replicates within each embryo.

• Sections S2.6.3–S2.6.6 present detailed expression scatter plots (all 6 pairwise combinations of 4 target mR-
NAs) for left and right somites in four embryos.

• Section S2.6.7 presents subcircuit scatter plots for left and right somites in four embryos.
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S2.6.1 Raw data for somitogenesis studies
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Figure S41. Raw data for somitogenesis for all embryos (cf. Figure 5). Raw voxel intensity scatter plots representing signal
plus background for the selected regions of the image used for somitogenesis study in each embryo. Dashed lines denote values
tabulated in Table S3 that are used for voxel intensity normalization via the method of Section S1.3.3. Voxel size: 2×2×6 µm.
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S2.6.2 Expression scatter plots for left and right somites for Embryos 1–4
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Figure S42. Expression scatter plots for left and right somites for Embryos 1–4 (cf. Figure 5B). Expression clusters are shaded
based on regulatory locus within the embryo (grayscale merge of four channels depicting left or right somites S7, S8, S9, S10
and left or right presomitic mesoderm (PSM); Embryo 4 does not include S7). Confocal microscopy. Mean intensity image.
Voxel size: 2×2×6 µm. Embryo fixed 10 hpf.
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S2.6.3 Detailed expression scatter plots for Embryo 1
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Figure S43. Detailed expression scatter plots for four target mRNAs for Embryo 1 (cf. Figure 5B): all six pairwise combi-
nations for four target mRNAs for left and right somites. Expression clusters are shaded based on regulatory locus within the
embryo, revealing different slopes and amplitudes for somites S7, S8, S9, S10, and the presomitic mesoderm (PSM). Confocal
microscopy. Mean intensity image. Voxel size: 2×2×6 µm. Embryo fixed 10 hpf.
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S2.6.4 Detailed expression scatter plots for Embryo 2
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Figure S44. Detailed expression scatter plots for four target mRNAs for Embryo 2 (cf. Figure 5B): all six pairwise combi-
nations for four target mRNAs for left and right somites. Expression clusters are shaded based on regulatory locus within the
embryo, revealing different slopes and amplitudes for somites S7, S8, S9, S10, and the presomitic mesoderm (PSM). Confocal
microscopy. Mean intensity image. Voxel size: 2×2×6 µm. Embryo fixed 10 hpf.
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S2.6.5 Detailed expression scatter plots for Embryo 3
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Figure S45. Detailed expression scatter plots for four target mRNAs for Embryo 3 (cf. Figure 5B): all six pairwise combi-
nations for four target mRNAs for left and right somites. Expression clusters are shaded based on regulatory locus within the
embryo, revealing different slopes and amplitudes for somites S7, S8, S9, S10, and the presomitic mesoderm (PSM). Confocal
microscopy. Mean intensity image. Voxel size: 2×2×6 µm. Embryo fixed 10 hpf.
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S2.6.6 Detailed expression scatter plots for Embryo 4
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Figure S46. Detailed expression scatter plots for four target mRNAs for Embryo 4 (cf. Figure 5B): all six pairwise combinations
for four target mRNAs for left and right somites. Expression clusters are shaded based on regulatory locus within the embryo,
revealing different slopes and amplitudes for somites S8, S9, S10, and the presomitic mesoderm (PSM). Confocal microscopy.
Mean intensity image. Voxel size: 2×2×6 µm. Embryo fixed 10 hpf.
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S2.6.7 Subcircuit scatter plots for left and right somites for Embryos 1–4

For voxel i of replicate embryo n, the amplitude of the her1-her7 subcircuit is defined by
√[

(xher1
n,i )

2 + (xher7
n,i )

2
]
/2 ∈ [0 , 1],

and the amplitude of the myod1-tpm3 subcircuit is defined by
√[

(xmyod1
n,i )2 + (xtpm3

n,i )2
]
/2 ∈ [0 , 1].

Here, xher1
n,i represents the estimated normalized signal for voxel i of replicate n (see Section S1.3.3 for definitions).
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Figure S47. Subcircuit scatter plots for left and right somites for Embryos 1–4 (cf. Figure 5C). Amplitude of her1-her7
subcircuit vs amplitude of the myod1-tpm3 subcircuit. Voxels are shaded based on regulatory locus within the embryo (left
or right somites S7, S8, S9, S10 and left or right presomitic mesoderm (PSM); Embryo 4 does not include S7). Confocal
microscopy. Mean intensity image. Voxel size: 2×2×6 µm. Embryo fixed 10 hpf.
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S3 Probe sequences

Each target mRNA is detected using a probe set containing between 2 and 9 DNA probes, each addressing a 50-nt
subsequence of the target mRNA. Within a given probe set, each DNA probe carries two initiators for the same DNA
HCR amplifier (36 nt initiator + 5 nt spacer + 50 nt mRNA recognition sequence + 5 nt spacer + 36 nt initiator = 132
nt total). Sequences are listed 50 to 30. Target sequences were obtained from the National Center for Biotechnology
Information (NCBI) (McEntyre & Ostell, 2002). For each target mRNA and channel, details on probe set size,
HCR amplifier, and fluorophore are summarized in Table S1. For zebrafish embryos, reference expression patterns
are available from the Zebrafish Information Network (ZFIN) (Howe et al., 2013). For mouse embryos, reference
expression patterns are available from the EMAGE gene expression database (Richardson et al., 2014).
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