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propagated to the future thoracic region in the nascent germ band 
[Fig. 10 (3 and 4)], and then split into three stripes complementary 
to those of Pt-noto1 (tri-splitting) [Fig. 10 (4 and 5)], thereby speci-
fying the thoracic segments [Fig. 10 (5)]. In the future opisthosomal 
region, where the primary Pt-msx1 wave passed away due to atten-
uation, oscillatory expressions of segmentation clock genes, including 
Pt-hh and Pt-msx1, followed, which temporally behaved as traveling 
waves [Fig. 10 (4 and 5)]. In the future head region, the Pt-hh stripe 
initiated at the rim of the germ disc traveled posteriorly and under-
went two rounds of bi-splitting, each of which is preceded by an 
onset of Pt-msx1 expression in the Pt-hh stripe [Fig. 10 (2) to (5)]. 
Collectively, the dynamics of Pt-msx1 expression under the control 
of Hh signaling are distinct depending on the body regions of the 
spider embryo, and all are related to segmentation.

The primary expression waves of Pt-msx1 and certain class II genes 
started around the site corresponding to the posterior pole and then 
propagated toward the future thorax (fig. S2A). These wave propa-

gations were concurrent with that of Pt-Delta, which was described 
in the previous studies (14, 19). This type of phenomenon, where 
expression of negatively regulated targets of Hh signaling starts at 
the side opposite to the Hh signaling source in a large field and 
dynamically propagates in the field, has not been reported in other 
organisms. The laser ablation experiment suggested that cells at and 
around the expression start site made little contribution to the ex-
pansion of Pt-msx1 expression (Fig. 7A). Instead, involvement of 
Hh signaling in the regulation was suggested by the pRNAi experi-
ments (Figs. 2E and 7B). Our previous model, explaining the expan-
sion dynamics of Pt-Delta expression, incorporated the role of 
Pt-ptc in altering the effective distance of Hh molecules from longer 
to shorter (14) and may be applicable to the expanding expressions 
of class II genes. However, because neither Hh protein distribution 
nor Hh receptor behavior has been examined, the ideas remain 
hypothetical. For the attenuation dynamics, data from Pt-ci and Pt-msx1 
knockdown suggested the presence of mutually repressive interactions 
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Fig. 8. Tri-splitting dynamics of the Pt-msx1 expression. (A to D) Sibling embryos at the indicated time points stained for Pt-msx1 (red) and Pt-noto1 (green) transcripts 
and DNA (blue). Data and images are shown as in Fig. 6. In (D), intensity values were extracted from cells at the position range indicated by blue bars in (B). Yellow lines 
refer to the posterior limit of the Pt-msx1 L4 stripe. Gray dots, three Pt-msx1 stripes (L2 to L4) resulting from tri-splitting of the primary Pt-msx1 wave; gray arrows, Pt-msx1 
expression peaks or stripes for O1 and O2 segments generated through oscillations; blue arrows, Pt-msx1 stripes at the bi-splitting sites; white circles, the Pt-msx1 L1 stripe 
appearing later (A and C). (E) Phenotypes of Pt-msx1eRNAi and gfpeRNAi cell clones during tri-splitting. The samples were stained for Pt-msx1 (magenta) and Pt-noto1 (green) 
transcripts, eRNAi cell clones (red), and DNA (blue). Dot plots show relationships between positions of cells (spots) along the AP axis and signal intensities of Pt-msx1 (red) 
and Pt-noto1 (green) in the eRNAi cell clones (outlined). White arrows indicate disordered patterns of Pt-noto1 expression in the Pt-msx1eRNAi cell clone. Anterior is to the 
left. Scale bars, 200 m (A) and 100 m (E).
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between Pt-msx1 and Hh signaling (Figs. 4E, 7D, and 9C). Overall, 
the dynamic response and wave-like behavior of the Hh signaling 
activities that occur in the surface epithelial cell sheet of the germ 
disc and germ band are easily accessible, and the simple features of 
the spider embryonic field may be advantageous for the study of Hh 
signaling–mediated patterning dynamics.

The tri-splitting of the primary Pt-msx1 wave presented the seg-
mentation dynamics in the thoracic region described in this study 
(Figs. 6 and 8). The requirement of Pt-msx1 for this phenomenon 
was shown by the eRNAi experiment (Fig. 8E). Although expression 
of Pt-hh transcripts in this region started later than tri-splitting, it 
appeared at the cells expressing Pt-noto1 and eventually formed a 

complementary pattern to the Pt-msx1 stripes (Fig. 3). Ahead of, or 
simultaneous with, the propagation of the Pt-msx1 wave, the thoracic 
field displayed a French flag–like pattern, which was likely to be 
under the control of Hh signaling (Fig. 2). It is possible that genes 
expressed to form the French flag–like pattern contribute to the 
tri-splitting phenomenon cooperatively with Pt-msx1. Although the 
Pt-hairy gene, described in a previous study (31), presents expres-
sion dynamics rather similar to those of Pt-msx-1 in the thoracic 
and opisthosomal regions, its expression pattern development was 
found to depend on Pt-msx1 (Fig. 4D). Interactions between Hh 
signaling downstream activities should be addressed in future studies 
to better understand the Hh signaling–based patterning systems.
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Fig. 9. Pt-msx1–mediated distinct segmentation dynamics in different body regions. (A and B) Initiation of clock gene expression. Sibling embryos at 39 and 
42 hours AEL were stained for the indicated transcripts and DNA (blue). Extracted images (50-m wide) along the line (left) are shown with bar graphs that show numbers 
of cells (spots) expressing substantial transcript levels (color-coded, inset) in each subdivided area (20 m by 50 m). (C) Phenotypes of Pt-msx1eRNAi and gfpeRNAi cell 
clones in the opisthosomal region at early stage 6. The samples stained for Pt-ci and Pt-krü-1 transcripts, eRNAi cell clones, and DNA are shown as indicated. Dot plots 
(insets) show signal intensities of Pt-ci and Pt-krü-1 in individual cells (spots) in the cell clones. Yellow arrows, the extraembryonic (ex) region; yellow dotted lines, the 
boundary between embryonic and ex areas (Pt-msx1eRNAi). The Pt-msx1eRNAi embryo is slightly older than the gfpeRNAi embryo, but most cells in the Pt-msx1eRNAi cell clone 
(white arrows) remained expressing Pt-ci and not Pt-krü-1. (D) Insertion of Pt-msx1 expression between the splitting Pt-hh stripes in the head region. The head region of 
sibling embryos stained for Pt-msx1 (red) and Pt-hh (green) transcripts and DNA (blue). The boxed 80-m-wide regions were extracted, and bar graphs were produced as 
in (A) and (B), except that each subdivided area is 10 m by 80 m. (E) Phenotypes of Pt-msx1eRNAi and gfpeRNAi cell clones during bi-splitting. The samples stained for Pt-hh 
and Pt-msx1 transcripts, eRNAi cell clones, and DNA are shown as indicated. White arrows mark unseparated Pt-hh stripes. Anterior is to the top (A to C) and to the 
left (D and E). Scale bars, 100 m.
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Oscillation is the segmentation dynamics observed in the opist-
hosomal region. FISH staining showed that expressions of multiple 
clock genes, including Pt-msx1 and Pt-hh, repeatedly oscillated in 
the cells of the opisthosoma, exhibiting repeated wave-like propaga-
tion in one segment periodicity in this opisthosomal field (fig. S4). 
The first oscillatory waves followed the primary waves for Pt-msx1 
and other class II genes that propagated toward the thorax, and they 
did not occur in the Pt-msx1 knockdown embryos (Figs. 4, 5, and 
9). Oscillation is a common strategy to establish a spatially periodic 
stripe pattern, as seen in somitogenesis of vertebrates and segment-
ation of short germ insects (20, 33). However, the initiation mecha-
nisms for the first oscillatory waves had been rarely studied. The 
spider embryo thus provides a unique opportunity to analyze the on-
set of oscillation. Moreover, the clock genes identified in the Pt-msx1 
pRNAi and RNA-seq experiments were family genes of a Drosophila 
gap gene (Pt-krü-1), a pair-rule gene (Pt-prd2), and basic helix-loop- 
helix–type vertebrate oscillatory genes (Pt-hairy-D and Pt-asl-H) 
(Fig. 5). Studies of spider segmentation may contribute to filling the 
gap in our understanding of the periodic stripe-forming mecha-
nisms among animals.

Further, we unexpectedly found that Pt-msx1 was involved even 
in the repeated bi-splitting of Pt-hh stripes, associated with the head 
segmentation (Fig. 9). It is most likely that Pt-msx1 acts cooperatively 
with region-specific factors for head segmentation because Pt-msx1 
knockdown cell clones prevented the down-regulation of Pt-hh ex-
pression between the splitting Pt-hh stripes but did not induce ecto-
pic Pt-hh expression outside the areas of the splitting stripes. The 
candidate genes include Pt-otd and Pt-opa, which have been shown 
to play roles in the bi-splitting event (18, 28). Interactions of Pt-msx1 
with these genes are subjects of future studies.

Collectively, our findings have demonstrated that Hh signaling 
controls all the segmentation dynamics via Pt-msx1 in a spider em-

bryo. Pt-msx1 was found to be one of the most sensitive genes to the 
altered states of Hh signaling in the germ disc stage, and mutually 
exclusive expressions and repressive interactions between Pt-msx1 
and Hh signaling components were observed during the bi-splitting 
and at the onset of the oscillatory waves. We suggest a deep origin 
of involvement of msx1 and hh in segmentation because striped ex-
pression of a msx1 homolog is conserved in harvestman embryos 
(30) and that of hh homologs is in a wide range of arthropods 
(14, 22, 23). This study provides a new paradigm, beyond the 
Drosophila-based knowledge framework, of segmentation and lays 
the foundation for comparative investigations of segmentation 
mechanisms across the arthropod phylum.

Evolvability of Hh signaling–based patterning systems has at-
tracted increasing attention in terms of animal form diversification 
(38–41). Mathematical models have previously proposed that a 
minimal mechanism of Hh signaling coupled with a regulatory net-
work of transcription factors confers various pattern-forming capa-
bilities (42). This proposal might be potentially applicable to spider 
embryos. It is required to investigate whether Pt-msx1 cooperates 
with region-specific transcription factor genes to achieve segment-
ation diversity.

MATERIALS AND METHODS
Spider egg collection
The animal experimentation was conducted according to the proto-
col reviewed and approved by the Institutional Animal Care and 
Use Committee of JT Biohistory Research Hall (2005-5). We 
used laboratory stocks of the spider P. tepidariorum (synonym, 
A. tepidariorum), which were kept at 25°C with a 16-hour light/8-hour 
dark cycle. Developmental stages have been described previously 
(15). Developmental time AEL was estimated from the beginning of 
stage 2 (10 hours AEL; the nuclei reach the surface of the egg) or the 
beginning of stage 5 (30 hours AEL; internalization of the CM cells 
is completed). All mated females were evaluated by monitoring de-
velopment of their embryos to exclude data derived from non-
reliable embryos; morphology of germ discs at stage 5 and that of 
germ bands at stages 7 and 9 was examined. In experiments using 
earlier embryos, development of their siblings was examined. In 
pRNAi experiments (see below), embryos were checked whether they 
form morphologically normal germ discs.

We prepared 12 independent (derived from different egg sacs) 
groups of sibling embryos fixed at multiple time points. These em-
bryo groups were used for (i) Figs. 1B, 3 (B and C), 8A, and 
9 (A, B, and D), and fig. S4 (B and C); (ii) Fig. 3A and fig. S4A; (iii) 
fig. S5A; (iv) Fig. 6 and fig. S6; (v) fig. S4 (D to F); (vi) fig. S5B; and 
(vii to xii) fig. S2. The embryos shown in fig. S2 were derived 
from a total of seven egg sacs and were examined by Pt-msx1 
staining to confirm that the developmental stages were consistent 
among them.

RNA interference
dsRNAs were synthesized using a MEGAscript T7 Transcription kit 
(Ambion, AMB13345) as described previously (16). At-hh1, At-ptc1, 
and At-ci1 dsRNAs (14, 18) were used for pRNAi against Pt-hh, Pt-ptc, 
and Pt-ci, respectively. The gfp dsRNA was used as a negative con-
trol. For pRNAi against Pt-msx1, Pt-msx1-1 and Pt-msx1-2 dsRNAs 
were synthesized from nonoverlapping regions (nucleotides 1 to 
351 and 352 to 737) of the expressed sequence tag (EST) clone 
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At_eW_020_B15 (LC379630.1). In pRNAi experiments, dsRNA was 
injected at a concentration of 2.0 g/l. All females were given four 
injections of dsRNA solution (1 to 2 l each) at 2- to 3-day intervals. 
Spiders lay eggs repeatedly every about 5 days, and the effect of ds-
RNA injections usually appears in the eggs laid after 10 days from 
the first injection and in the peak around 20 days after the first in-
jection. Eggs that were laid at 13 days or later from the day of the 
first dsRNA injection were used as pRNAi samples.

To verify the specificity of RNAi for Pt-msx1, we confirmed that 
injections of Pt-msx1-1 and Pt-msx1-2 dsRNAs produced the same 
morphological phenotypes with complete penetrance. The 
defects of transition to the germ band were observed in 7 of 7 fe-
males injected with Pt-msx1-1 dsRNA and in 3 of 3 females injected 
with Pt-msx1-2 dsRNA (fig. S3A). We also confirmed that the same 
gene expression phenotypes were obtained with both dsRNAs in 
WISH analyses of the transcripts shown in Figs. 4 and 5. In this 
paper, the presented Pt-msx1 knockdown data, including those of 
RNA-seq, were generated using Pt-msx1-1 dsRNA unless stated 
otherwise.

eRNAi experiments were performed as previously described (18, 28) 
using msx1-1 dsRNA and gfp dsRNA. Briefly, a mixture of dsRNA 
(0.4 g/l), Rhodamine B isothiocyanate (RITC)–dextran [0.8 g/l; 
weight-average molecular weight (Mw) of 70,000; Sigma-Aldrich, 
R9379], and biotin-dextran (0.8 g/l; Mw of 10,000; Sigma-Aldrich, 
B9139) was microinjected into single blastomeres of 32- or 64-cell 
stage embryos, which were then allowed to develop until stage 6 or 
7 and were then fixed for staining. RITC-dextran was used to visu-
alize injected cell clones in living embryos, whereas biotin-dextran 
was used to visualize cell clones in the fixed samples.

RNA sequencing
Poly(A) RNA was extracted from 50 to 120 embryos at early stage 3, 
late stage 5, and early stage 6. These embryos were produced by 
single females before dsRNA injection (the first egg laying) and at 
13 to 24 days after the first dsRNA injection. DEGs were identified 
from comparisons of the former control samples and the latter test 
(pRNAi) samples. Comparative sets of RNA-seq libraries were gen-
erated for Pt-hh, Pt-ptc, and gfp pRNAi-treated embryos at early 
stage 3 and late stage 5 and for Pt-msx1 and gfp pRNAi-treated 
embryos at late stage 5 and early stage 6. These libraries were pre-
pared with two or three biological replicates (different females). 
Poly(A) RNA extraction was performed using the QuickPrep Micro 
mRNA Purification Kit (GE Healthcare) or the Dynabeads mRNA 
DIRECT Micro Kit (Veritas, DB61012). mRNA samples were 
quantified using the Qubit fluorometric RNA HS assay (Life Tech-
nologies, Q32852), and whole amounts (20 to 50 ng) were used in 
subsequent steps. The mRNA was fragmented with the New England 
Biolabs (NEB)Next RNase III RNA Fragmentation module (NEB, 
E6146), and samples were then used for RNA-seq library con-
struction using the NEBNext Ultra Directional RNA Library Prep 
Kit for Illumina (NEB, E7420) and the NEBNext Multiplex Oligos 
for Illumina (Index Primers Set 1; NEB, E7335). Quantitative PCR 
were performed using a KAPA or Takara Library Quantification kit 
(KAPA, 4824; Takara, Z8324N). Libraries were then sequenced in 
single-end runs in the antisense direction using the MiSeq re-
agent kit V3 (150 cycles; Illumina, MS-102-3001) on an Illumina 
MiSeq platform. Between 12 and 24 million reads were generated 
for each library. Information for constructed libraries and RNA-seq 
reads is summarized in data file S1.

Sequence read trimming, mapping on the genome, 
and quantification
Raw reads of the MiSeq sequencing were trimmed in three steps 
using the CLC Genomics Workbench (v. 7.0.4). Adapter trimming, 
sequence primer trimming, and quality trimming with the follow-
ing parameter settings: trim using quality scores, limit of 0.05; trim 
ambiguous nucleotides, maximum number of ambiguities 2; and 
filter on length, discard reads below length 50. Trimmed reads were 
mapped onto the P. tepidariorum genome sequence assembly 
Ptep_1.0 (GCA_000365465) using the alignment tool BLAT (v.34) 
(43) in the DDBJ Read Annotation Pipeline with default settings. 
Output alignments were filtered on the basis of quality, coverage, 
and uniqueness using a perl script filterPSL.pl, which is available 
from the AUGUSTUS 3.0.1 scripts folder (https://github.com/Gaius- 
Augustus/Augustus). The parameter settings were as follows: mini-
mum coverage, 60%; minimum percent identity, 90%; and unique 
threshold, 0.96. Filtered alignments that were in the pslx format 
were then converted into the psl and sam formats with a perl script 
written in our laboratory. Using sam files, mRNA abundances 
against AUGUSTUS gene models (aug3) (25) were calculated using 
htseq-count v.0.5.4p5 (44) with -s reverse, -m union settings. The 
results of trimming, mapping, and htseq-counts are summarized in 
data file S1, and counts per gene are listed in data file S2. Mapping 
results were visualized in University of Tokyo Genome Browsers 
(45) using wig files that were converted from the psl files with a 
script aln2wig, which is available from the AUGUSTUS 3.0.1 scripts 
folder, and were normalized as counts per 10 million reads.

Identification of DEGs
We used the R software (v. 3.1.2) edgeR_3.8.5 (46) to identify DEGs. 
In these analyses, pairwise comparisons were performed with datasets 
from the same parent pair so that pseudo-positives due to individual 
variations were reduced. Genes with very low counts (less than 
1 count per million reads in all samples) were filtered out before 
running edgeR. Genes with the adjusted P value (FDR) < 0.01 were 
listed as DEGs after excluding genes with FDR < 0.01 in experiments 
of gfp pRNAi and RNA-seq at the same developmental stage. In DEG 
detection analyses using Pt-hh and Pt-ptc pRNAi samples, EdgeR was 
run with comparisons between control samples and (i) test samples 
derived from eggs laid at days 13 to 17 after the first injection of 
dsRNA, (ii) test samples derived from eggs laid at days 18 to 22, and 
(iii) all test samples. Genes that were identified as differentially ex-
pressed (FDR < 0.01) in any of the comparisons were all considered 
as DEGs (data files S3 and S4), and genes identified as DEGS in both 
Pt-hh and Pt-ptc pRNAi were selected for further analyses (table S2).

In Pt-msx1 pRNAi experiments, we listed genes with FDR < 0.01 
as DEGs (data file S6). In the stage 6 Pt-msx1 pRNAi experiments, 
we selected a total of 40 DEGs based on the following two criteria: 
(i) genes with FDR < 0.01 in both Pt-hh and Pt-ptc pRNAi experi-
ments at stage 5 (nine genes) and (ii) genes with the 31 lowest FDR 
values in Pt-msx1 pRNAi experiments (FDR < 0.0003; table S3). We 
examined expression in germ disc epithelial cells for genes identi-
fied in i and in early germ bands for genes identified in ii (Fig. 5).

cDNA cloning
Full-length or partial cDNAs of identified DEGs were obtained 
from our laboratory stocks of EST clones (19) or were isolated in 
PCR. The resulting cDNAs were used to synthesize probes. The 
cDNA clones and the PCR primers were listed in table S4.
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Live observations of embryogenesis
Embryos were prepared as previously described (19). Images were 
acquired every 10 min using a stereomicroscope SZX12 (Olympus) 
equipped with a color 3CCD (charge-coupled device) camera 
C7780-10 (Hamamatsu Photonics) and were processed using ImageJ 
version 1.47n.

Cell labeling
A mixed solution of RITC-dextran (0.8 g/l; Sigma-Aldrich, R9379) 
and biotin-dextran (0.8 g/l; Sigma-Aldrich, B9139) was injected 
into single blastomeres of 32- or 64-cell stage embryos as described 
previously (18). Positions of labeled cell clones in germ discs of liv-
ing embryos were recorded using fluorescence of RITC-dextran. 
Images were acquired using an Olympus BX50 fluorescence micro-
scope equipped with a cooled CCD camera (CoolSNAP HQ; Roper 
Scientific) controlled by MetaMorph version 7.1 (Universal Imaging) 
and were processed using ImageJ version 1.47n. Embryos were then 
fixed at stage 6 for staining.

Laser ablation
Laser ablation was performed as described previously (34). Briefly, 
dechorionated eggs were aligned on double sticky tape and were 
covered with halocarbon oil 700 (Sigma-Arldrich). Using an upright 
microscope (BX50, Olympus) equipped with the XYClone 20× laser 
objective (Hamilton Thorne), cells around the blastopore of the 
aligned embryos were heat-killed by irradiating with 13 to 22 laser 
pulses (1460 nm, 300 mW × 2 ms) per embryo. The embryo shown 
in the bottom panels of Fig. 7A was subjected to 16 pulses at about 
24 hours AEL (late stage 3), thus affecting a region of about 10 cells 
in diameter.

In situ hybridization and image acquisition
WISH and FISH were performed as described previously (15, 28). 
Digoxigenin (DIG)–labeled probes were used for the alkaline- 
phosphatase chromogenic staining of WISH. In the staining shown 
in Fig. 3A and figs. S2 and S4A, signals were amplified with a com-
bination of anti–DIG-POD (horse-radish peroxidase) (used at 1:1000 
dilution; Roche, 11 207 733 910), dinitrophenyl (DNP)–tyramide 
(1:100 dilution; TSA plus DNP system, PerkinElmer), and anti–
DNP-AP (1:100 dilution; Vector MB-3100). In FISH, DIG, fluorescein 
(Flu), and DNP probes were used in combination with DyLight488, 
AlexaFluor568, DyLight594, and DyLight680 tyramides. In cell la-
beling and eRNAi experiments, biotin-dextran introduced in cell clones 
was visualized using Cy5-streptavidin in fixed samples (GE Healthcare, 
PA45001). Most samples were counterstained with 4′,6-diamidino-2- 
phenylindole (DAPI; Sigma-Aldrich) to visualize DNA.

Stained embryos were mounted on glass slides with spacers. WISH 
samples were observed using a stereomicroscope system as described 
above (SZX12 and C7780-10) and an Axiophoto 2 fluorescence 
microscope (Zeiss) equipped with an AxioCam HRc (Zeiss). FISH 
samples were observed using a TCS SPE confocal system (Leica).

Analysis of expression domains of DEGs in germ discs
To categorize expression domains in germ discs, the late stage 5 
germ disc was roughly divided into three areas along the radius 
(about 25 cells) according to the head-thorax and thorax-opisthosoma 
fate boundaries at early stage 5 (17) as follows: the peripheral area, 
1st to 8th cells from the periphery; the intermediate area, 5th to 15th 
cells; and the central area, from 13th cells to the center. Among 98 

identified DEGs from late stage 5 Pt-hh and Pt-ptc pRNAi and RNA-
seq experiments, 48 were relatively clearly expressed in localized 
regions of the germ-disc epithelium (Fig. 2 and data file S5), and 
their expression domains were categorized in the above criteria 
(Fig. 2, C and D, and table S2). Expressions were also examined at 
the cumulus. Because WISH signals for other genes were very weak, 
obscure, or ubiquitous or were detected in likely endoderm cells, we 
did not analyze their expressions further.

Processing and analysis of FISH images
Z-series stacks of confocal images were processed using Imaris ver-
sion 7.6.5 (Bitplane), ImageJ version 1.47n, and Adobe Photoshop 
CS6 and CC 2019 software. Low-magnification fluorescent images 
displayed in Figs. 1B, 2F, 3B, 6A, and 8A, and figs. S5B and S6 were 
produced using the snapshot function of Imaris software.

To count cell numbers in the surface cell layer (Fig. 1B), spots 
were placed on signals of the DAPI channel of the original confocal 
images using the Imaris automatic spot-detection function and 
manual correction. Spots were then counted. To generate intensity 
profiles of gene expression, measurement points were manually 
placed on the surface cell layer along the midline using the DAPI 
channel as a spatial reference. Along the three-dimensional (3D) 
midline connecting these measurement points, intensity values were 
calculated at every 1 m as the mean across a width of 20 m using 
bilinear interpolation with an ImageJ plugin as previously described 
(17). The extracted 1D intensity data were analyzed using OriginPro 
2018J b9.5.0.193 (OriginLab); the intensity data, except those for 
the DAPI channel, were smoothened using the weighted adjacent- 
averaging method with a moving 11-point window and were then 
normalized in 0 to 100 between the minimum and maximum values. 
The intensity data for the DAPI channel were only subjected to nor-
malization. Using a function of the ImageJ plugin mentioned above 
(17), flat images were extracted from 3D data along the specified line.

Extracted flat images were analyzed to obtain cell-level intensity 
values for gene expression. Using the Imaris automatic spot-detection 
function followed by manual correction, spherical spots of 5 m in 
diameter were placed in the surface cell layer using the DAPI chan-
nel as a spatial reference, and intensity means within the sphere of 
the spots were extracted as intensity values of the cells. Values were 
normalized (0 to 100) between minimum and maximum values using 
OriginPro. Signal values in small areas (Figs. 8E and 9, A to D) were 
normalized using intensity data from the whole surface cell layer of 
200-m-wide extracted images. Normalized intensity values above 
20 were considered substantial.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/37/eaba7261/DC1

View/request a protocol for this paper from Bio-protocol.
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