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SUMMARY

Advancing our understanding of embryonic devel-
opment is heavily dependent on identification of
novel pathways or regulators. Although genome-
wide techniques such as RNA sequencing are ideally
suited for discovering novel candidate genes, they
are unable to yield spatially resolved information in
embryos or tissues. Microscopy-based approaches,
using in situ hybridization, for example, can provide
spatial information about gene expression, but are
limited to analyzing one or a few genes at a time.
Here, we present a method where we combine tradi-
tional histological techniques with low-input RNA
sequencing and mathematical image reconstruc-
tion to generate a high-resolution genome-wide 3D
atlas of gene expression in the zebrafish embryo at
three developmental stages. Importantly, our tech-
nique enables searching for genes that are ex-
pressed in specific spatial patterns without manual
image annotation. We envision broad applicability
of RNA tomography as an accurate and sensitive
approach for spatially resolved transcriptomics in
whole embryos and dissected organs.

INTRODUCTION

The formation of spatially distinct gene expression domains is
a ubiquitous process during metazoan development and is
fundamental for the meticulous patterning required to drive
embryogenesis. |dentifying genetic pathways and regulators
that are active in well-defined regions of the embryo is crucial
to understand the processes of embryonic axis formation, tis-
sue specification, and organ development. As a consequence,
many studies in different model organisms and tissues, and
at different developmental stages, have focused on identifying
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spatial patterns of gene expression on a large scale (Fowlkes
et al.,, 2008; Geffers et al., 2012; Gray et al., 2004; Lécuyer
et al.,, 2007; Thisse et al., 2004; Yu et al.,, 2012). Because
such studies rely on microscopy-based approaches like
mRNA in situ hybridization or immunohistochemistry —that
unavoidably investigate only one or a few genes per sample—
screening spatial expression patterns of the entire transcrip-
tome has so far been out of reach. Conversely, RNA sequencing
has emerged as a powerful tool to study gene expression on
the genome-wide level, but is unable to yield spatially resolved
information. Gene expression analysis after cell sorting can
be used to determine cell-specific transcriptomes, but the
spatial resolution as well as the number of different cell types
that can be screened are limited (Birnbaum et al., 2003). In
situ sequencing of RNA in intact tissues has the potential to
provide direct information about the spatial organization of the
transcriptome (Ke et al., 2013; Lee et al., 2014). However, this
method is currently restricted by low detection efficiency and
has not yet been demonstrated to detect gene expression pat-
terns in intact tissues.

With current technology, a promising approach for spatially
resolved transcriptomics consists of dissecting the specimen of
interest and preparing individual sequencing libraries from the
different pieces of tissue. In cases where manual dissection is
difficult orimpossible, such as the small embryos of typical model
organisms, cryosectioning followed by RNA extraction from indi-
vidual slices has been shown to provide spatial resolution along
the sectioning coordinate (Combs and Eisen, 2013). However,
the requirement for high amounts of input RNA for preparing
RNA sequencing (RNA-seq) libraries has so far limited the use
of this approach for spatially resolved transcriptomics, because
large amounts of carrier RNA have to be used for library prepara-
tion, severely reducing the number of useable sequencing reads.
The recent development of several RNA amplification strategies
for single-cell RNA sequencing (Hashimshony et al., 2012; Islam
etal., 2011, 2014; Picelli et al., 2013; Ramskdld et al., 2012; Tang
et al., 2009) is now beginning to alleviate the restrictions caused
by high input material requirements.
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Figure 1. A Method for High Sensitivity Spatially Resolved Transcriptomics

(A) Schematic representation of segmentation stage zebrafish embryo (gray) and yolk sac (orange). Embryos were cryosectioned into 50-100 slices and sections
were collected in individual Eppendorf tubes for spatially resolved transcriptomics.

(B) Summary of the experimental protocol: RNA extraction was performed for each individual section, followed by reverse transcription. The samples were then
pooled and amplified by in vitro transcription (see main text and Experimental Procedures for details).

(C) Straightened zebrafish embryos at the 15 somites stage were sectioned from head to tail or vice versa into ~100 slices of 18 um thickness. Graph shows
number of different random barcodes versus number of reads for all genes and all sections. Blue data points are averages in bins of size 1. Red lines indicate
theoretical boundaries determined by minimal complexity and maximal complexity libraries (Griin et al., 2014).

(D) Pearson correlation across all genes, summed over all sections for two biological replicates (sectioned tail-to-head and head-to-tail).

(E) Alignment of expression patterns for genes with detected peaks based on cross-correlation (peak calling criterion was one contiguous stretch of greater than
five slices with Z score greater than two in each data set; expression traces were normalized to spike-ins).

(F) Examples for expression traces in both samples after alignment. six3a and cdx4 are specifically expressed in the head and the tail, respectively.

See also Figure S1, Table S1, and Data S1.

Here, we present a method for spatially resolved transcriptom-
ics based on cryosectioning that circumvents the need for carrier
RNA and allows the generation of genome-wide spatial expres-
sion maps in 3D. In our approach, we cryosection individual
zebrafish embryos into 50-100 thin slices, extract RNA from
the individual sections, and make use of in vitro transcription
for linear amplification of cDNA (Hashimshony et al., 2012) in
order to minimize amplification biases (Figures 1A and 1B). By
sectioning individual embryos in three different directions, we
measure RNA profiles along the three main body axes. Using
mathematical image reconstruction inspired by optical tomogra-
phy techniques such as computed tomography, and taking into

account the shape of the embryo as determined by micro-
scopy, we then reconstruct spatial expression patterns in 3D
on a transcriptome-wide level. We provide a comprehensive
genome-wide 3D expression atlas at three different stages of
early zebrafish development—shield stage, 10 somites stage,
and 15 somites stage—and we show in a proof-of-principle
experiment using mouse embryonic forelimbs that the protocol
can be applied to other model organisms and to isolated tissues
or organs. We demonstrate that our approach can identify
spatial expression patterns in the zebrafish embryo and validate
selected candidates by traditional in situ hybridization. Our
method and database represent a powerful resource to identify
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candidate genes expressed in any specific pattern without the
need for anatomical annotation.

RESULTS

A Method for High Sensitivity Spatially Resolved
Transcriptomics

Segmentation-stage zebrafish embryos are tightly wrapped
around the yolk sac, with head and tail in close proximity (Fig-
ure 1A). To determine transcriptome-wide gene expression pat-
terns along the anteroposterior axis, we removed the yolk and
straightened zebrafish embryos at the 15 somites stage, allowing
us to cryosection embryos from head to tail into ~100 slices of
18 um thickness (see sketch in Figure 1C). We then extracted
RNA from each individual section after adding a defined amount
of synthetic spike-in RNA to control for efficiency differences dur-
ing the downstream protocol (Figures S1A-S1D available online).
cDNA was generated for the individual sections using barcoded
primers, which allowed us to pool samples for RNA amplification
(Figure 1B; Experimental Procedures; Table S1). In vitro tran-
scription allows linear amplification of the cDNA, thereby mini-
mizing amplification biases (Hashimshony et al., 2012). We then
prepared RNA-seq libraries, sequenced ~30 million reads per
embryo (50 bp paired-end), and mapped sequences to the zebra-
fish transcriptome (see Experimental Procedures). We detected
~23,000 different genes, with ~12,000 genes observed at more
than four reads in at least two sections. We termed this procedure
“tomo-seq” (the ancient Greek word “téuog” (tomos) means
“slice” or “section”).

Because the tomo-seq protocol generates libraries primed
from polyA tails of transcripts, it is possible to identify exact 3’
transcript boundaries if sequencing reads are sufficiently long
to reach into the polyA regions of the library (Figure S1E).
Sequencing of pooled tomo-seq libraries at 250 bp read length
allowed us to substantially improve annotation of 3’ UTRs in
zebrafish (see Extended Experimental Procedures; Figure S1F-
S1H; Data S1). By using these improved gene annotations, we
ensured that a maximum number of sequencing reads could
be mapped to the transcriptome.

In addition to section-specific barcodes encoding spatial in-
formation, we used primers for reverse transcription that also
contained a random barcode of 4 bp length, allowing for 4* =
256 different combinations. For sequencing reads mapping to
the same gene, the random barcode reveals whether the reads
are derived from the same molecule or from different molecules,
based on whether or not the random barcode is identical (Grin
et al., 2014; Kivioja et al., 2012). Comparing the number of
different random barcodes to the number of reads per gene
and section, we found that the complexity of our sequencing
library was high, and we were not exhausting the library (Fig-
ure 1C), suggesting that additional lowly expressed genes might
be detected at higher sequencing depth. We next evaluated the
reproducibility of the tomo-seq technique across biological rep-
licates. For two embryos at the 15 somites stage that were
sectioned into ~100 slices in opposite directions—one from
head to tail, the other from tail to head —the Pearson correlation
across all genes (summed over all sections) was >0.99 (Fig-
ure 1D), demonstrating excellent reliability of the protocol.
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To assess the ability of the tomo-seq protocol to determine
spatial expression patterns, we then filtered the “head-to-tail”
and “tail-to-head” data sets for genes exhibiting a spatially
restricted peak of gene expression at any position along the
anteroposterior axis. Cross-correlation of the head-to-tail and
tail-to-head traces for all these genes revealed that peak posi-
tions aligned extremely well, indicating that tomo-seq allows
reproducible detection of spatial expression patterns on the
genome-wide scale (Figure 1E). Manual inspection of two marker
genes expressed exclusively in the head or tail, six3a (Seo et al.,
1998) and cdx4 (Kudoh et al., 2001), further confirmed the repro-
ducibility and precision of our protocol (Figure 1F).

Tomo-Seq Determines Gene Expression Patterns with
High Spatial Resolution

We then proceeded to explore the ability of our method to
identify different patterns of spatially-restricted gene expression
by comparing our data to published expression patterns based
on in situ hybridization data, sourced from the ZFIN expression
database (Bradford et al., 2011). We found that tomo-seq
correctly identified the expression patterns of selected genes
(Figure S2A). Importantly, even intricate patterns such as the
two stripes of egr2b (krox20) located in rhombomeres 3 and 5
were resolved correctly (Figure 2A), demonstrating the high
spatial resolution of our approach. However, it is important to
note that the resolution of tomo-seq is determined by section
thickness, placing limits on our ability to resolve small structures
such as individual somites (Figure S2B). In summary, tomo-seq
allows detection of a wide range of spatial expression patterns
on the genome-wide level. The full data set is provided in
Table S2.

We next aimed to examine the resolution limits of our
approach by comparing genes with very similar expression pat-
terns. For this purpose, we removed the yolk, straightened and
sectioned the posterior end of an embryo at the 18 somites
stage, which we then sequenced at ~10-fold higher depth
compared to the previous samples. We selected mesp genes,
which are expressed in the most newly-formed somites (Cutty
et al., 2012), as a test case for resolving subtle expression
differences. Our data identify a strong peak for both mespaa
and mespab corresponding to high expression in the newest-
formed somite. Interestingly, tomo-seq further identified a small
secondary peak posterior to the main peak for mespaa, but not
for mespab (Figure 2Bi). We were able to confirm this predicted
variation in expression domains between the two genes by
traditional in situ hybridization (Figure 2Bii). This example
clearly demonstrates the ability of the tomo-seq technique to
resolve gene expression patterns with high sensitivity and great
precision.

To explore whether tomo-seq can be applied to different
model organisms and isolated organs, we decided to investigate
gene expression patterns in mouse forelimbs at E10.5. At this
stage, expression of Shh in the posterior forelimb establishes a
hedgehog signaling gradient along the AP axis (Litingtung
et al.,, 2002). We found that tomo-seq correctly reproduced
spatial expression patterns of hedgehog targets and pathway
components (Figure 2C). Importantly, even relatively subtle
expression changes in Gli3~/~ forelimbs were detected reliably,
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Figure 2. Tomo-Seq Determines Gene Expression Patterns with High Spatial Resolution

(A) Expression trace for egr2b in tail-to-head sample.

(B) Tomo-seq data for posterior end of an 18 somites stage embryo sequenced at higher depth. (i) Expression patterns of mespab and mespaa are very similar,
with the exception of a shoulder on the posterior side of the main peak for mespaa. (i) mRNA in situ hybridization confirms these differential expression domains

(view of the tail, posterior to the right). See also Figure S2 and Table S2.

(C) Tomo-seq traces for selected genes along the posterior-to-anterior axis of E10.5 mouse forelimbs (right forelimbs of four wild-type and four Gli3 /" litter-
mates). Forelimbs were sectioned as shown in the inset in the top left panel in order to resolve gradients of hedgehog target genes and pathway components.
Tomo-seq traces and expression changes in Gli3 ™~ limbs are in full agreement with published whole-mount in situ data (Litingtung et al., 2002).

suggesting that tomo-seq enables spatially resolved differential
expression analysis.

Genome-wide Determination of Genes with Similar
Expression Patterns

One important advantage of our approach is that spatially
resolved data are immediately available in a quantitative format,
without the need for additional processing steps. As a conse-
quence, tomo-seq data can be easily searched for genes that
satisfy any desired spatial expression criteria, such as for
example all genes that are coexpressed with a known marker
for a specific organ or cell type. To explore this feature, we
ranked all genes at the 15 somites stage by similarity to mespab.
As a measure for expression pattern similarity, we calculated the
Euclidean distance of Z score transformed expression traces.
Figure 3A shows the expression trace for mespab as well as

the 10 genes with most similar expression patterns, demon-
strating that our approach can correctly identify the most similar
patterns in the data set. Importantly, we noticed that expression
patterns were gradually becoming more dissimilar to mespab as
we descended the ranked list of similar genes. dmrt2a, the tenth
most similar gene, was already expressed in a clearly different
pattern, its expression forming a gradient with highest levels
found in the tailbud, in contrast to the single somite domain
observed for mespab. Ranking all genes by similarity to dmrt2a,
we found that the top ten most similar genes showed signifi-
cantly broader expression patterns (Figure 3B), indicating that
our measure for pattern similarity is sensitive even to minor dif-
ferences in gene expression patterns.

The lists of genes with expression most similar to mespab
and dmrt2a consisted of genes with known and unknown
expression patterns. We therefore decided to validate tomo-seq
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Figure 3. Genome-wide Determination of Genes with Similar Expression Patterns

(A) Tomo-seq expression patterns for mespab and 10 most similar genes as determined by Euclidean distance of Z score transformed expression traces
(summed over head-to-tail and tail-to-head samples). Inset shows mRNA whole mount in situ hybridization expression pattern of mespab.

(B) Tomo-seq expression patterns for dmrt2a and ten most similar genes. Inset shows mRNA whole mount in situ hybridization expression pattern of dmrt2a.
(C) Tomo-seq expression traces and whole-mount in situ hybridization images for six genes that are similar to mespab. All in situ hybridizations are lateral views,
anterior to left.

See also Figure S3.

measurements for selected genes similar to mespab (Figure 3C)  features such as more posterior expansion of pcdh8 and tbx6
and dmrt2a (Figure S3) by in situ hybridization. In situ results  expression compared to mespab were distinguished correctly
agreed very well with the sequencing data and even minor (Figure 3C). Expression patterns of the uncharacterized genes
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si:ch211-105d18.8, si:rp71-36n21.1 and CU633857.1 were also
detected correctly (Figure S3), proving that tomo-seq allows
identification of novel genes with spatially patterned expression.

A Large Fraction of Genes Exhibit Spatially Patterned
Expression

We next aimed to investigate global patterns of gene ex-
pression in our data set. To this purpose, we calculated the
Pearson correlation across all genes for each pair of sections
(Figure 4A). As expected, adjacent slices were generally more
correlated than sections that are spaced far apart. Interestingly,

Figure 4. A Large Fraction of Genes Exhibit
Spatially Patterned Expression

(A) Pairwise correlation for all sections across all
genes detected at greater than four reads in greater
than one section. Basic anatomical features (head,
trunk, tail) can be observed as blocks of correlated
sections. Plot on the left: the number of genes ex-
hibiting a peak of expression is maximal in the re-
gions corresponding to head, trunk, and tail. The
peak calling threshold was five contiguous sections
with a Z score of >1.

(B) K-means clustering of expression traces for all
genes satisfying the peak calling conditions using
Euclidean distance as metric. The number of major
clusters was determined by gap statistics, and the
stability of the clusters was determined by boot-
strapping.

See also Figure S4 and Table S3.
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however, we observed three blocks of
contiguous sections that were positively
correlated among each other. The spatial
positions roughly corresponded to the
head, the trunk and the tail of the zebra-
fish embryo. We also found that more
genes exhibited expression peaks inside
the blocks than in the transition zone
(Figure 4A, left panel), suggesting that
the three blocks are defined by a limited
number of genes that exhibit maximal
expression in either the head, the trunk
or the tail. To further analyze the global
spatial structure of gene expression in
the zebrafish embryo, we computed a
t-SNE map (“t-distributed stochastic
neighbor embedding”) for all genes that
have an expression peak (Figure S4A).
t-SNE maps project high-dimensional
data onto a 2D surface while retaining
distance information between individual
objects (Amir et al., 2013; van der Maaten
and Hinton, 2008). We found that
genes peaking at similar spatial positions
were grouped closely together in the
t-SNE map, validating relative peak posi-
tion as a measure for expression pattern
similarity.

To further understand global gene expression patterns, we
focused on all genes exhibiting an expression peak (~20% of
the genes that were detected at greater than four reads in greater
than one section). K-means clustering of genes identified three
main clusters with expression maxima in the head, the trunk,
and the tail, respectively (Figure 4B). Gap statistics suggested
that three clusters captured most of the expression patterns
(Tibshirani and Walther, 2006) (Figure S4B). However, a
continued increase of the gap value at higher cluster numbers
suggested that the 3 main clusters might contain a finer sub-
structure. Hierarchical clustering of the three main clusters
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indeed revealed considerable diversity of patterns within all three
clusters, most notably in the head (Figure S4D). Based on
assignment of marker genes to subclusters we were able to
identify different anatomical structures such as forebrain, heart,
somites and tail bud. The groups of genes that are specifically
expressed in these organs are listed in Table S3. The genes for
which we did not detect a peak showed no significant patterns
after hierarchical clustering (Figure S4C), with the exception of
two groups of genes that seemed to be mildly upregulated in
the head and the trunk and which had narrowly failed to pass
our peak detection filter. These findings show that many genes
exhibit spatially structured expression, including a large number
of genes with unknown function.

In order to estimate the agreement between tomo-seq and
published in situ hybridization data on a global level, we
randomly selected 100 genes from the head, trunk, and tail
clusters, as well as 100 ubiquitously expressed genes, and
compared the expression traces to the ZFIN database. We
found that 131 of the 400 genes (33%) were not present in the
ZFIN database, illustrating the potential for discovering genes
with uncharacterized expression patterns. For the genes that
were present in the ZFIN database, expression patterns agreed
with tomo-seq for a large majority of genes. We found only
seven genes (2%) that exhibited a clear discrepancy between
the two techniques. Interestingly, for six of these seven genes
(hoxd9a, crygn2, zgc:153662, pgam2, im:7136729, negrl)
ZFIN reported no expression or ubiquitous expression. Further-
more, expression data for these six genes are based on a single
submission. Hence, it is possible that the in situ probes were not
working. For the remaining gene, hoxb5a, ZFIN reports a major
peak in the tail and a minor peak in the trunk. According to our
tomo-seq data set, however, the peak in the trunk is higher than
the peak in the tail. We speculate that this discrepancy might
potentially have been caused by minor differences in embryo
staging. In summary, tomo-seq data agree extremely well with
in situ data.

Tomo-Seq at Three Developmental Time Points along
the Main Body Axes

The above analyses demonstrate that tomo-seq offers exquisite
spatial resolution of expression patterns on the transcriptome-
wide level. However, studying straightened embryos from which
the yolk has been removed can potentially lead to artifacts
because some lateral tissue might be lost when detaching the
yolk. To address this issue and extend our analysis to all three
main body axes, we set out to section and sequence entire em-
bryos including the yolk sac along each body axis using sections
of 18 um thickness (see sketch in Figure 5A). To further expand
our data set, we also decided to extend our approach to three

different developmental stages—shield stage, the 10 somites
stage, and the 15 somites stage—creating a large resource of
transcriptome-wide expression patterns.

We validated our approach using entire embryos by manually
comparing tomo-seq patterns of selected genes along all three
axes to published expression patterns (Bradford et al., 2011)
(Figures 5B, S5A, and S5B). Patterns were highly reproducible
across replicates (not shown) and agreed very well with pub-
lished in situ hybridization mMRNA expression data. Because
sectioning along the left-right axis is particularly challenging
due to the small expanse of tissue along this dimension, we
aimed at further validating the left-right data set at the 15 so-
mites stage. Our data correctly showed /ft1 expression in the
midline and gatala expression in more lateral positions (Fig-
ure 5C). Ranking genes by similarity to gata7a in the left-right
data set (Figure 5D), we noticed that genes with related function
were enriched among the genes with the most similar spatial
expression patterns. gatala has been shown to determine
myeloid-erythroid progenitor cell fate in zebrafish (Lyons et al.,
2002). Functional annotation analysis using DAVID (Huang
et al., 2009) revealed enrichment of genes with a known role
in blood formation and vasculogenesis, such as alas2, hbae3,
hbbe3, hbae1, znfl2a, yrk, foxc1b, and egfl7 among the 50 genes
with most similar expression to gataia along the left-right axis.
This finding provides another confirmation for the high accuracy
and sensitivity of our technique. The full data set (three time
points, sectioned along three axes in duplicates) is available in
Table S4.

RNA Tomography Allows Construction of a Spatially
Resolved Transcriptome-wide Atlas of Gene Expression
in 3D

Because of the curved shape of the zebrafish embryo at somito-
genesis stages, tomo-seq data obtained from entire embryos
are harder to interpret compared to straightened embryos from
which the yolk has been removed. For this reason we sought
to image entire zebrafish embryos in 3D by using selective plane
illumination microscopy (SPIM) (Huisken et al., 2004) in order to
allow mapping of gene expression patterns onto the image (Fig-
ures S5C and S5D). We found that the total number of reads per
section agreed well with the slice volume as determined by mi-
croscopy (Figure 5E), suggesting that the number of reads per
section is approximately proportional to the number of cells
per slice. This observation corroborated the quantitative nature
of our method and allowed aligning of sequencing data and mi-
croscopy data by cross-correlation. Importantly, the agreement
between microscopy and sequencing data also indicated that
there were no major amounts of mRNA left in the yolk at the
developmental stages we examined.

Figure 5. Tomo-Seq at Three Developmental Time Points along the Main Body Axes
(A) Schematic of sectioning approach for 3D analysis. Intact embryos including the yolk sac were sectioned along the three main body axes. Yolk sac, orange;

embryo, gray; A, anterior; P, posterior; V, ventral; D, dorsal; L, left; R, right.

(B) Expression patterns for mespab at 15 somites stage along AP, VD, and LR axes.

(C) Expression trace of Ift1 and gatala along LR axis in 15 somites stage embryo.

(D) Top ten genes with expression patterns similar to gata7a along LR axis at 15 somites stage.

(E) Total reads after spike-in normalization and slice volume as determined by microscopy as a function of AP, VD, and LR position at 15 somites stage.

See also Figure S5 and Table S4.
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To facilitate an intuitive understanding of the measured
expression patterns, we decided to combine the data sets
measured along the three main body axes and the shape of the
embryo determined by microscopy into a composite 3D image
in which the projection along each axis matches the experimental
data. Our approach for mathematical image reconstruction is
based on sequential image optimization along the different
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after step 2 Figure 6. RNA Tomography Allows Con-

struction of a Spatially Resolved Transcrip-
tome-wide Atlas of Gene Expression in 3D

(A) Mathematical approach for 3D image recon-
struction based on 1D projections. The expression
pattern of a hypothetical gene is shown as a green
square in the left panel. The middle and right panel
show reconstructed expression patterns after
sequential optimization steps in blue. Measured

1D tomo-seq traces are depicted as green lines,
projections of computationally reconstructed im-
age on x and y axis are shown as blue lines to the
left of and under the panels. The steps shown here
were iterated 100 times for optimal image recon-
struction.

(B-D) Normalized expression patterns of selected
genes (blue) after 3D image reconstruction. The
shape of the embryos is shown in black and white.
(B) Left: expression of /ft1 at 15 somites stage in a
plane perpendicular to LR axis through the middle
of the embryo. Middle and right: /ft1 expression in
the two planes indicated by red lines in the left
panel. (C) Projection images (summed over LR
axis) for Ift1, mespab, and myl7 expression pat-
terns at 15 somites stage. (D) Left: projection along
animal-vegetal axis for gsc and ntla at shield
stage. Middle: expression in a plane perpendicular
to animal-vegetal axis at the level of the margin.
Right: expression in a plane perpendicular to LR
axis through the middle of the embryo.

See also Figure S6 and Data S2.

P
animal

sectioning axes using iterative propor-
tional fitting (Fienberg, 1970) (Figure 6A).
For a given gene, we first distributed the
sequencing reads in the embryo such
that the projection along the x axis
matched the RNA tomography expres-
sion trace for the dorsoventral axis. At
this stage, the reads were distributed
homogenously in the embryo along the y
and z axis. In the second step, we redis-
tributed the reads along the y axis in order
to also agree with the RNA tomography
expression traces along the anteropos-
terior axis, while leaving the x position
of each read unchanged. The same
approach was then repeated along the z
axis to optimize the read distribution
along the left-right axis. This algorithm
was iterated in order to optimize image
reconstruction (see Extended Experi-
mental Procedures for details). The result-
ing images consist of 3D expression patterns in the embryo and
can be browsed by scrolling through the individual planes. We
termed this approach for genome-wide 3D image reconstruction
“RNA tomography,” inspired by optical tomography methods
such as computed tomography. Such methods determine the
original 3D image based on projections measured under different
orientations, similar to our approach (Gordon et al., 1970).

vegetal
animal

vegetal



As shown in Figures 6B-6D, the resulting images reproduced
spatially restricted expression patterns correctly in 3D: /ft1 is ex-
pressed exclusively in the posterior part of the 15 somites stage
embryo while, along the left-right axis, it is restricted to the
midline (Wang and Yost, 2008) (Figure 6B). Similarly, expression
of mespab and myl7 at the 15 somites stage, and of dand5,
egr2b and cdx4 at the ten somites stage, was placed correctly
in the embryo (Bradford et al., 2011) (Figures 6C and S6A).
RNA tomography is particularly suited for shield stage embryos,
because the morphology of zebrafish embryos at that stage—
the embryo forms a hemispherical “cap” on the yolk sac (see
sketch in Figure S5B)—does not allow yolk removal and embryo
straightening. Hence, 1D analysis would yield a very incomplete
representation of expression patterns at shield stage. In Figures
6D and S6B we demonstrate that RNA tomography correctly
identified known expression patterns for selected genes at the
shield stage: gsc is restricted to the organizer—a small field of
mesodermal cells at the dorsal side of the embryo, close to the
margin. ntla is expressed round the entire margin, while bmp4
forms a ventral-to-dorsal gradient and is expressed weakly in
the dorsal organizer. These examples suggest that RNA tomog-
raphy can correctly identify a range of different expression pat-
terns at different developmental stages.

It is important to note that RNA tomography can potentially
give rise to image reconstruction artifacts: As shown in Fig-
ure S6C, genes that are expressed in more than one contiguous
region can lead to ambiguous solutions. This effect is caused by
the fact that the number of pixels is larger than the number of
data points. With ~50 sections per axis, we obtain 3 x 50 =
150 independent measurements, whereas the number of pixels
is 50% = 125,000. As a consequence, the system is undercon-
strained, and solutions to the image reconstruction problem
are in general not unique. The iterative proportional fitting algo-
rithm aims to identify the solution with maximal entropy, ensuring
that the least amount of unjustified information is introduced into
the reconstructed image. Importantly, by taking the 3D shape of
the embryo into account, we could effectively eliminate all pixels
outside the embryo, reducing the number of pixels by ~90%.
Hence, using microscopy data strongly alleviates problems
caused by artifacts. Furthermore, for many practical applications
genes with simple expression patterns, such as expression
limited to a specific organ or tissue, are particularly relevant.
Such genes do not only constitute the majority of genes with
spatially heterogeneous expression (Figures 4B and S4C),
but are also less prone to causing artifacts. However, for
genes with complex expression patterns reconstruction artifacts
cannot be fully ruled out.

Determining Genes with Similar Expression Patterns in
3D

The ability to identify novel genes with specific expression pat-
terns is arguably the most important application of spatially
resolved transcriptomics in developmental biology. We hence
set out to extend our approach for identifying genes with similar
expression patterns to 3D, focusing on shield stage embryos for
which 1D analysis is difficult to apply. We ranked all genes by
similarity to gsc, a marker for the zebrafish organizer (Stachel
et al., 1993). Similar to the 1D approach, we computed the

Euclidean distance of Z score transformed expression patterns
across all pixels inside the embryo as a measure for similarity.
3D expression patterns of the 15 genes that are most similar to
gsc are shown in Movies S1 and S2. Manual inspection of the
ranked list revealed a large number of previously unknown genes
in addition to well-known markers for the organizer among the
most similar genes. We selected 12 of these novel genes as
candidates for validation by in situ hybridization (Figures 7A,
7B, and S7A).

Expression of chpfa, insb, net1, tbr1b, and ripply1 was clearly
restricted to the organizer, providing an impressive confirmation
of RNA tomography as a tool to identify candidate genes with
spatially restricted expression in 3D (Figures 7B and S7A). Strik-
ingly, the transcription factor uncx4.1 was only expressed in a
very small number of cells in the organizer.

magi1b, which shows homogenous staining in situ experi-
ments, is the only gene for which RNA tomography data do not
agree with in situ hybridization (Figure S7A). For two other genes,
CUO074314.1 and si:dkey-13n23.3, in situ probes confirm upre-
gulation in the organizer, but in contrast to tomo-seq also indi-
cate basal expression throughout the entire embryo. It is unclear
whether these disagreements reflect artifacts of RNA tomogra-
phy or unspecific staining by in situ hybridization.

In order to explore whether our technique is equally successful
in identifying genes with similar 3D expression patterns at the
two later developmental stages, we ranked all genes by similarity
to the heart marker myl7 (Yelon et al., 2000) at the 15 somites
stage. The eight most similar genes cmic1, vmhe, tnnt2a,
tbx20, tnni1b, atp2a2a, fhi2a, and tnncia (Figure S7B) all have
a heart-related function (Bradford et al., 2011). Searching for
genes with expression patterns similar to dand5 at the ten so-
mites stage, a gene expressed exclusively around the Kupffer’s
vesicle (the zebrafish equivalent of the node) (Hashimoto et al.,
2004), we identified a mixture of known and unknown genes ex-
pressed in the Kupffer’s vesicle or, more broadly, in the tip of the
tail (Figure S7C). These findings provide further robust validation
of the accuracy and predictive power of genome-wide RNA
tomography.

DISCUSSION

A Sensitive and Reliable Method for Spatially Resolved
Transcriptomics

The tomo-seq approach for spatially resolved transcriptomics
consists of three steps: cryosectioning the tissue of interest,
reverse transcription and barcoding, and amplification of the
pooled cDNA by in vitro transcription. Tomo-seq can be applied
to whole embryos or isolated organs of different model organ-
isms. We demonstrated the high spatial resolution and unprece-
dented sensitivity of our approach by validating expression pat-
terns of selected genes with in situ hybridization. We have been
able to extend our approach to 3D by sectioning embryos in
three different orientations and combining this data set with mi-
croscopy data and mathematical image reconstruction. Further-
more, we introduced several mathematical approaches for unbi-
ased analysis of tomo-seq data sets that can be used for
identifying global patterns of gene expression or for finding
genes that are specifically expressed in a region of interest.
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(A) RNA tomography data and in situ validation for gsc. Images show projections of reconstructed expression patterns along different body axes of shield stage
embryos and microscopy images taken in the corresponding orientations. Left: lateral view, visualized from left. Middle: animal pole view. Right: dorsal view.
(B) Validation of novel genes with inferred expression patterns similar to gsc at shield stage. Panels show microscopy images along different body axes of shield

stage embryos.
See also Figure S7 and Movies S1 and S2.

Tomo-seq is easy to implement because it is based on stan-
dard laboratory equipment and commercially available reagents
and is hence broadly applicable to whole embryos or isolated or-
gans of various model organisms. Many questions in develop-
mental biology, such as pattern formation along specific body
axes, are essentially 1D, which allows using the simplest form
of our method without computational 3D reconstruction. 3D im-
age reconstruction is more demanding than 1D analysis because
three embryos have to be staged and oriented with high preci-
sion in order to obtain a correct composite image. Cryotome
drift and damage during dissection are also potential causes
for tomo-seq artifacts and should be minimized as much as
possible.

For large embryos, SPIM or similar techniques are necessary
for determining the shape of the embryo because they alleviate
the detrimental effects of light scattering. 3D RNA tomography
can be a cost-effective approach for determining complex
spatial patterns because the number of data points (and hence
the number of individual reverse transcription reactions) can be
reduced below the number of pixels in the final image. In order
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to minimize costs and reduce the risk of image reconstruction ar-
tifacts, we recommend focusing on isolated organs rather than
whole embryos whenever possible. Increasing the sequencing
depth will reduce Poissonian sampling noise and hence allow
more reliable quantification of lowly expressed genes.

While automated imaging-based techniques have the poten-
tial to interrogate large portions of the transcriptome (Battich
et al., 2013; Thisse and Thisse, 2008), such approaches typically
measure only one gene per sample. In many cases, in particular
when working with vertebrate mutants where sample numbers
can be small, the number of genes that can be screened is there-
fore limited. Hence, measuring the entire transcriptome in a sin-
gle sample is an important advantage of our technique. Because
tomo-seq libraries can be used to improve 3' UTR annotations
(Figure STE-S1H), our approach also allows studying organisms
with incomplete gene annotations. Furthermore, our method will
allow researchers to determine expression differences between
individual embryos on a genome-wide level, paving the way to a
deeper understanding of developmental plasticity and pheno-
typic variation.



A Genome-wide 3D Resource for Spatial Expression
Patterns in the Early Zebrafish Embryo

We determined genome-wide expression patterns at three
developmental stages (shield stage, 10 somites stage, 15 so-
mites stage), providing a resource that can be used to select
candidate genes for future studies. By validating novel genes,
we also demonstrated that our data set may be used to identify
genes that are expressed in a spatially restricted manner.

Large in situ hybridization screens have to date provided the
scientific community with a valuable database of gene expres-
sion for many genes. While such databases are searchable for
tissue of interest, extensive and accurate manual annotation of
embryonic structures is relied on in order to reveal whether or
not a gene is expressed in the relevant tissue. Hence, one crucial
advantage of our approach lies in the ability to easily search for
genes displaying specific expression patterns without the need
for manual anatomical annotation. In addition, in situ hybridiza-
tion may not be sensitive enough to pick up genes expressed
in low copy numbers and is dependent on probe efficiency and
protocol optimization.

It is important to keep in mind that tomo-seq data offer lower
spatial resolution than microscopy-based techniques, and re-
constructed 3D images can potentially contain artifacts. For
this reason, we believe that RNA tomography should not be
considered a replacement for in situ protocols, but rather as a
method to generate lists of candidate genes. In fact, we recom-
mend validating selected candidates by whole-mount or section
in situ hybridization. Tissues composed of different cell types
may also benefit from methods with higher spatial resolution
such as single-molecule RNA FISH (Lyubimova et al., 2013;
Raj et al., 2008).

Because the number of detected reads should be proportional
to the number of MRNA molecules, tomo-seq is a very quantita-
tive technique that can be used to compare expression levels of
different genes. This is a crucial advantage in comparison to
in situ hybridization, where different probes often have different
efficiencies and staining intensity is dependent on the exact hy-
bridization protocol. Furthermore, tomo-seq has a high dynamic
range and can correctly identify expression patterns of lowly and
highly expressed genes at the same time, unlike microscopy-
based approaches that typically exhibit detection thresholds
and saturation effects.

Our analysis reveals that ~20% of all expressed zebrafish
genes show spatially restricted expression, including a large
number of genes with uncharacterized function. For such genes,
spatial information can be an important cue regarding biological
function. Recent publications suggest that a considerable num-
ber of regulators of spatial patterning during embryonic develop-
ment might still be unknown (Pauli et al., 2014). We expect that
RNA tomography will greatly accelerate the search for novel reg-
ulators by identifying their zone of expression, and we anticipate
that spatially resolved transcriptomics will emerge as a powerful
method to unravel the design principles of developmental
pattern formation. Moreover, we expect that RNA tomography
will facilitate genome-wide comparison of patterning mecha-
nisms across species, including human embryos, yielding fasci-
nating novel insights into the mechanisms underlying vertebrate
development.

EXPERIMENTAL PROCEDURES

Preparation of Sequencing Libraries

Live TL embryos were embedded in Jung tissue freezing medium (Leica),
oriented and rapidly frozen on dry ice, and stored at —80°C prior to cryo-
sectioning. Embedded embryos were cryosectioned at 18 um thickness,
collected in Eppendorf LoBind tubes, and immediately transferred to dry
ice. RNA was extracted from the individual sections using TRIzol reagent
(Ambion) according to the manufacturer’s manual. After RNA extraction, pel-
lets were resuspended with barcoded primers. Primers consisted of a 24 bp
polyT stretch, a 4 bp random barcode, a unique 8 bp section-specific bar-
code, the 5 lllumina adaptor (as used in the TruSeq small RNA kit) and a
T7 promoter for in vitro transcription (Griin et al., 2014). The RNA samples
were then reverse transcribed, pooled, and in vitro transcribed for linear
amplification with the MessageAmpll kit (Ambion) according to the CEL-
seq protocol (Hashimshony et al., 2012). lllumina sequencing libraries were
prepared with the TruSeq small RNA sample prep kit (lllumina) and
sequenced paired-end at 50 bp read length on HiSeq. We determined library
complexity based on random barcodes (Figure 1C) in order to prevent over-
sequencing. With the exception of Figure 2B, random barcodes were not
used as unique molecular identifiers (Kivioja et al., 2012). See Extended
Experimental Procedures for a detailed experimental protocol. Primer se-
quences are provided in Table S1.

All experiments were performed in biological replicates and yielded
reproducible results. Sectioning experiments were repeated in the opposite
direction (e.g., A — P and P — A) to rule out potential artifacts caused
by carry-over of RNA to subsequent sections on the blade. Replicates
along the same sectioning coordinate were aligned and averaged for
3D image reconstruction. All studies involving vertebrate animals were
performed with institutional approval in compliance with institutional
guidelines.

Data Analysis

Paired-end reads obtained by lllumina sequencing were aligned to the tran-
scriptome using BWA (Li and Durbin, 2010). The 5" mate of each pair was map-
ped to the improved gene models described in the Extended Experimental
Procedures, discarding all reads that mapped equally well to multiple loci.
The 3’ mate was used for barcode information.

Read counts were normalized to total counts per section or by linear fits
to spike-in RNA input/output plots (Figures S1A-S1D), depending on
whether or not we wanted to retain differences in total reads per section
caused by embryo geometry. The data were then renormalized to the me-
dian of total reads across sections in order to ensure that count numbers
roughly corresponded to the number of mapped reads. For the 1D analyses
described in Figures 2, 3, and 4 we used total read normalization in order to
prevent biases caused by embryo geometry. For the 3D analyses shown in
Figures 5, 6, and 7, on the other hand, we preferred spike-in normalization
in order to be able to align microscopy data to sequencing data by cross-
correlation based on total read profiles (Figure 5E). Expression traces
were smoothed with a moving average filter with a width of three data
points.

All data analysis including normalization, alignment, 3D image recon-
struction, and identification of expression patterns was performed in
MATLAB (MathWorks) using custom-written code. Our mathematical
approach for image reconstruction based on iterative proportional fitting
(Fienberg, 1970) is described in more detail in Data S2, and the corre-
sponding MATLAB script is provided in the Extended Experimental
Procedures.

ACCESSION NUMBERS

RNA-seq data are deposited on Gene Expression Omnibus, accession num-
ber GSE59873. The analyzed data set is available on our web page http://
zebrafish.genomes.nl/tomoseq/. The web interface allows displaying data
traces for specific genes, identifying related genes, and browsing through in-
dividual planes of 3D images.
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