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represent cells as units of homogenous gene expression. To re-
duce the complexity of the dataset of more than 15 million
voxels, we grouped these into virtual cubes of 33 voxels that we
refer to as supervoxels (SV), with each SV containing the aver-
age gene-expression information of the covered volume (Fig.
4C). Given an average cell diameter of 6 �m and the imaging
resolution (isotropic 0.55 �m per pixel), each cell should thus be
represented by 10–40 SV. To reduce the complexity of the
dataset further, we subdivided the animal into distinct body parts
enriched for neural tissue, hand-segmented from the reference.
These included the VNC, brain, lateral ectoderm, cryptic seg-
ment (27), and the back end, the pygidium (Fig. 4B).
With the aim of generating a cellular model, we developed a

strategy for the assembly of SV into groups representing virtual
cells. First, we removed SV that did not show a high expression
correlation with their neighbors, because these most likely repre-
sented cellular boundaries or noise (Fig. 4D). Second, we re-
cursively used unsupervised hierarchical clustering to find groups of
SV with similar expression profiles. Because cells belonging to the
same cell type can be spatially separate (e.g., on the left and right
body sides, or in consecutive segments), this similarity search was
based on expression correlation only and did not take into account
spatial location. As third step, however, we then assessed the
resulting clusters of SV for spatial coherence. Clusters with largely
scattered (spatially incoherent SV distributions) were eliminated, as
they likely represented clustering artifacts (Fig. 4A). Clusters of SV
concentrated around one or few locations were maintained, as they
likely represented real cells. Note that in most cases such spatially
coherent clusters represented bilateral pairs of cells. This recursive
partition and clustering algorithm was run separately for each body
part and recovered a total number of 4,315 spatially coherent,

minimal units of homogenous gene expression. These virtual units,
mostly representing bilateral cell pairs, covered more than 80% of
the total processed volume. Given that cell boundary volumes had
been discarded, we are confident that our cellular atlas represents a
molecular description of almost all cells of the Platynereis nervous
system at 6 dpf.

Approximating Cell Types: Spatially Coherent Clusters of Cells with
Similar Regulatory Signature. We next investigated how the 4,315
virtual cells would relate to each other. For a first coarse grouping,
based on expression similarity, we used t-distributed stochastic
neighbor embedding (t-SNE), which transfers high-dimensional
data into a space of low dimensions (28). This revealed groups of
VNC and head cells as coherent entities in the 6-dpf body (Fig. 4E).
In subsequent analyses, we focused on the VNC cells and among
these we selected, by visual inspection, a high-confidence set of cells
based on their overall morphology, expression correlation, bilateral
symmetry, and size. Fig. S5 shows these 605 reconstructed, bilateral
pairs of cells in the Platynereis VNC. With the aim of identifying cell
types within this dataset, we used t-SNE to group cells based on
their combination of transcription factors. We focused our analysis
on those cell groups with most expression information (groups I to
XIV in Fig. 5A, composed of cells expressing four or more tran-
scription factors) and discarded those for which little expression
information was available. Each of these gene-rich groups homo-
geneously expressed a small set of transcription factors—such as
nk6, hb9, pax6, and islet for group I (Fig. 5B)—many of which are
known to play conserved roles in regional patterning (Fig. S6).
To further relate the molecular signatures of the cells com-

posing each group, we performed unsupervised hierarchical clus-
tering with all markers included in the atlas. This process yielded
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Fig. 2. SPMs can be used to achieve single-cell
resolution after image registration at 6 dpf. ( A)
Scheme representing the signal reconstruction
process, generating SPMs. Individual animals are
registered to the reference, the signal is binarized,
and overlapped to generate a probability map of
the spatial distribution, which is later thresholded.
(B) Effect of threshold percentage and sample size
on signal reconstruction, scored as the distance of
the resulting 3D object center of mass to the cen-
troid of the cell distribution (calculated by manual
segmentation), and the volume of the 3D object.
From the initial dataset of 20 manually segmented
cells (see text and Fig. S1), random picks were made
for every imaging resolution. Each point represents
the distribution of centroid-center distance and
volume (mean and error bars) of 1,000 random it-
erations. Horizontal dotted line represents the av-
erage cell radius and vertical dotted line represents
the average cell volume (calculated for the pop-
ulation of manually segmented cells). Results for
the 550 nm per pixel imaging resolution dataset in
C. (C) Effect of the imaging resolution and the
number of samples on the performance of the sig-
nal reconstruction process, measured as in B.
(D) Plot showing, for 99 different SPMs, the de-
crease rate of the signal volume in relation to the
threshold, and its low correlation with the sample
size and the coverage of the signal, making the use
of a general thresholding method based on these
parameters not adequate. ( E) Quantification of
SPMs based on the agreement between the samples
for different molecular markers.
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into multidimensional, cellular whole-body atlases, which can fi-
nally be complemented by functional characterization of key genes
and cell types using Crispr-Cas9. The possible transfer of ProSPr
to other model species has the potential to boost comparisons
between species and phyla, and to thus contribute to unraveling
the evolutionary history of cell types.

Materials and Methods
Platynereis Breeding. P. dumerilii larvae were obtained from an established
culture at the European Molecular Biology Laboratory Heidelberg. Larvae
were raised in natural sea water, at 18 °C under a 16-h light/8-h dark cycle.

Whole-Mount in Situ Hybridization. Available transcriptome and EST data were
used to design PCR primers. HotStart Taq Polymerase (Qiagen) or the Phusion
polymerase (New England BioLabs) was used for amplification. PCR fragments
were cloned into the pCRII-Topo vector (Invitrogen) and validated by se-
quencing. Animal fixations and whole-mount in situ hybridizations were
performed as described previously (43).

Imaging. Six days post fertilization, Platynereis larvae were mounted in
2,2′-thiodiethanol (TDE) according to Asa dulina et al. (25), and imaged in a Leica
SP8 confocal microscope using the following parameters: 40 × objective, 0.75
zoom, 696 × 696 pixels, and z-step size of 0.55 �m, achieving an isotropic reso-
lution of 550 nm per voxel. DAPI channel was imaged using the 405-nm laser and
the NBT/BCIP signal using the 633 laser in reflection mode. Bright field and
autofluorescence channels were acquired e xciting with the 488 or the 633 laser.

Image Registration. Image registration was performed using the DAPI stain as
the reference signal, following the protocol described in Asadulina et al. (25).

Reference. The reference was built using the DAPI channels of 153 individual
larvae in an iterative registration procedure. First, a rigid transformation was
applied to the individuals to position them in the same orientation, and a “rigid
average” was calculated. Rigidly oriented animals were registered to this av-
erage using affine transformation, and an “affine average ” was calculated.
Rigidly oriented animals were registered to the affine average using an affine,
followed by a deformable registration procedure, and a “deformable aver-
age” was calculated. This last step was repeated one more time to generate
the final reference as the average result. The reference file can be downloaded
from prospr.embl.de . Different tissues have been manually segmented from
the reference using TrackEM (44).

ProSPr Pipeline. The scripts composing the full preregistration and post-
registration steps of ProSPr pipeline, coded in Fiji (45), are explained in Fig. S3
and distributed in prospr.embl.de . All gene phylogenetic analyses and raw
microscopy files are available on demand. Gene expression maps and the
complete atlas can be downloaded from prospr.embl.de .

Bioinformatics Analysis. The full analysis of the gene-expression atlas has been
performed using R Bioconductor. The SV generation script and the recursive
partition pipeline for cellular reconstruction, are distributed in prospr.embl.de . For
hierarchical clustering and t-SNE, “jaccard” distance from the “vegan” R-package
was used. R-package “Rtsne” was used to run the t-SNE algorithm on the data
using the following parameters: initial dimensions = 10; perplexity = 31. The
method “complete ” was used in the hierarchical clustering function.
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