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Retrieving the complex responses of individual cells in the native
three-dimensional tissue context is crucial for acomplete understanding of

tissue functions. Here, we present PHYTOMap (plant hybridization-based
targeted observation of gene expression map), amultiplexed fluorescence
insitu hybridization method that enables single-cell and spatial analysis of
gene expressionin whole-mount plant tissue in a transgene-free manner and
atlow cost. We applied PHYTOMap to simultaneously analyse 28 cell-type
marker genes in Arabidopsis roots and successfully identified major cell
types, demonstrating that our method can substantially accelerate the
spatial mapping of marker genes defined in single-cell RNA-sequencing
datasets in complex plant tissue.

Understanding how individual cells respond and interact with each
otherintheface of changing environmentsis the cornerstone of under-
standingtissue function. Single-cell transcriptomics technologies have
been widely adopted in plant research, enabling the classification of
cells into populations that share molecular features for the in-depth
analysis of cell types and states' . Increasing throughput and sensitiv-
ity in single-cell transcriptomics technologies will offer tremendous
granularity at which cells can be classified, but will also create new
challenges in dealing with cell populations that our current histological
and physiological understanding of plant cells cannot account for. To
understand the identity and function of molecularly defined cell popu-
lations, it is critical to analyse their spatial localization in the tissue.
In plant research, the most common tool for spatially mapping
cell population marker genes identified in single-cell transcriptome
analysis has been transgenic reporter lines that express fluorescent
proteins under the predicted promoter region of the genes. In most
cases, eachtransgenic line visualizes the expression of only one gene.
Thisapproach hasseveral limitations when analysing cells in complex
tissue: (1) a cell type/state is not always defined by the expression of a

single gene, but by the combination of many genes; (2) spatial mapping
ofasingle gene or afew genes has difficulties in analysing multiple cell
types/states simultaneously, whichis critical for understanding inter-
actions between cell types/states; (3) generation of transgenic plants
is time-consuming; and (4) heterologous expression of fluorescent
proteins does not necessarily reflect the true expression of the gene
because the reporter cassettes lack the native genomic context (for
example, enhancer-promoter interactions). In situ hybridization,
another popular approachinspatial gene expressionanalysis in plants®,
canovercome a few of the above limitations but suffers from low mul-
tiplexing capacity. Therefore, spatial gene expression analysis needs
to be done with alarge number of genes at single-cell resolution for a
more complete understanding of the function of cell types/states and
their interactions with other cells and the environment.

Spatial transcriptomics technologies hold great promise in
addressing these problems by simultaneously revealing the molecu-
lar details and spatial location of cells in complex tissues. Methods
using spatially barcoded arrays orimaging-based, highly multiplexed
single-molecule fluorescence in situ hybridization allow researchers
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to study the expression of many genes (from dozens to the whole
transcriptome) with spatial information (from tissue region to
single-cell levels)’. Such technologies have recently been adopted in
plant research®®, Although spatial transcriptomics, combined with
single-cell transcriptomics, will contribute to elucidating the spatial
organization of cell types/states in plants in great detail’, tissue types
amenable for spatial transcriptomics experiments are limited to thin
(single-cell layer) sections, posing challenges for its application in
plants and other organisms. For instance, the root tip—an important
organ for plant growth, nutrient acquisition and interactions with
microbes—is a difficult tissue to section owing to its small size. Moreo-
ver, sectioning will lead to aloss of information from other parts of the
tissue, which may contain the cell types/states of interest; information
about environments, such as microbial colonization, can also be lost by
sectioning. It may be possible to overcome these problems by sampling
serial sections and conducting multiple experiments followed by the
three-dimensional (3D) reconstitution of two-dimensional (2D) data,
butspatial transcriptomics technologies are very costly, making such
anapproachrarely affordable. To overcome these limitations, weintro-
duce PHYTOMap (plant hybridization-based targeted observation of
gene expression map), a low-cost single-cell spatial gene expression
analysisthat cansimultaneously map dozens of genes in whole-mount
planttissue.

PHYTOMap builds oninsitu hybridization techniquesin plants
andinsitusequencing technologies primarily developed in neurosci-
ence'. After fixing whole-mount plant tissues, DNA probes (specific
amplification of nucleic acids via intramolecular ligation probes or
SNAIL probes) with gene-specific barcodes are specifically hybridized
ontarget messenger RNA molecules, circularized and amplified in situ
(Fig.1laand Extended DataFig.1; see Methods for details). The hybridi-
zation condition has been optimized to allow high target specificity
(Extended Data Fig. 2a). The amplification of DNA barcodes provides
a high signal-to-noise ratio, enabling signal detection from cleared
whole-mounttissue. The location of mMRNA moleculesis defined using
sequence-by-hybridization (SBH) chemistry” that targets the barcode
sequences of DNA amplicons across sequential rounds of probing,
imaging and stripping (Fig. 1b). In each imaging round, four targets
aredetected using each of the four channels of a confocal microscope
(Supplementary Video1). Afterimaging, fluorescent detection probes
arestripped (Extended Data Fig. 2b), and the next round of hybridiza-
tion targets a new set of four genes (Fig. 1b,c). A previous study that
used SBH chemistry to detect amplified DNA probes in situ showed
that signal was maintained at least over 10 cycles®.

We tested the accuracy of PHYTOMap by comparing its signal
withresults from otherimaging-based techniques. We used transgenic
Arabidopsislines expressing green fluorescent protein (GFP) under the
control of an endodermis-specific (EMBRYO LIPID TRANSFER PROTEIN
or ELTP) or pericycle-specific (LATERAL ORGAN BOUNDARIES-DOMAIN
16 or LBD16) promoter. Cell type-specific GFP expressionin these lines
hasbeen confirmed in a previous study". We targeted the mRNA of GFP
with PHYTOMap and a hybridization chain reaction (HCR), which is
also ahybridization-based approachrecently applied to plant tissue”.
PHYTOMap detected GFP mRNA in the expected cell types, which was
further validated with HCR (Extended Data Fig. 3a,b). Together, these
results confirmed the accuracy of PHYTOMap.

PHYTOMap successfully mapped well-established/validated
cell-type marker genes in expected cell types/regions in the root tip
of Arabidopsis (Fig.1d-fand Extended Data Fig. 4). The marker genes
wetargetedinclude AT4G28100 (ENDODERMIS7 or EN7; endodermis),
AT4G29100 (BASIC HELIX LOOP HELIX 68 or BHLH68; pericycle),
AT5G37800 (RHD SIX-LIKE1 or RSL1; trichoblast), AT5G53730 (NDR1/
HINI-LIKE 26 or NHL26; xylem), AT5G57620 (MYB DOMAIN PROTEIN
36 or MYB36; endodermis), ATSG58010 (LJRHL1-LIKE 3 or LRL3; tricho-
blast) and AT3G54220 (SCARECROW or SCR; endodermis) (Fig.1e,fand
Extended DataFig. 4; magnified images are provided in Extended Data

10,11

Figs.5and 6)'*”. PHYTOMap also validated cell type/region marker can-
didates predictedinaprevious single-cell RNA-sequencing (scRNA-seq)
study of Arabidopsisroot tips'®, For instance, AT3G46280 was detected
intheroot cap and elongating epidermis as predicted in the scRNA-seq
data (Fig. 1e). Genes enriched in meristematic (AT5G42630) and elon-
gation (AT5G12050) zones in the scRNA-seq data were mapped in the
expected regions (Fig. 1f); AT5G12050 signal was detected in epidermis
and vasculature, as shown in scRNA-seq (Fig. 1f). Quiescent center
(QC) and columella signal was also detected from the marker genes
AT2G28900, AT3G20840 and AT3G55550 (Extended Data Fig. 4¢).
Other genes that are not shown in Fig. 1 are shown in Extended Data
Figs. 7 and 8. Taken together, PHYTOMap can be used as an efficient
tool for validating marker genes identified in scRNA-seq data without
generating transgenic plants.

To demonstrate the multiplexing capacity of this method, we
simultaneously targeted 28 genes in the same root tips with seven
rounds of imaging. The targeted genes include known cell-type marker
genes as well as unvalidated cell-type marker candidates identified in
the scRNA-seq data™® (a full list is given in Supplementary Table 1), which
showed varying levels of expression in the root tip (Extended Data
Fig. 9). We developed a computational pipeline to integrate
whole-mount images from each imaging round and analyse gene
expression at the single-cell resolution (Fig. 2a; see Methods for
details). Cell wall boundary information was obtained together with
the RNA-derived signal in eachimaging round to facilitate this process.
The analysis pipeline first registers 3D images across imaging rounds
using cellboundary information, automatically detects spots derived
from single mRNA molecules and annotates spots with gene names.
A merged image with detected and decoded transcripts successfully
captured the cell-type architecture of the root tip (Fig. 2b). To analyse
the spatial data at the single-cell level, cell segmentation was per-
formed based on cell wall boundary information using PlantSeg, which
performs deep learning-assisted cell boundary prediction and graph
partitioning-based cell segmentation’ (Fig. 2a). Annotated spots were
assigned to individual cells and counted, resulting in a cell-by-gene
matrix, astandard scRNA-seqdataform that can be used for clustering
and dimensionreduction analyses (Fig. 2a).

We analysed five root tip preparations and identified a total of
259,781RNA molecules from 3,608 cells (median 19 molecules per cell)
(Fig. 2c). The assays were highly robust and reproducible, detecting
comparable numbers of transcripts for each RNA species between dif-
ferent biological samples (Fig. 2d). This suggests that gene expression
between cells or samples can be compared quantitatively. Hierarchical
clusteringand heatmap visualization revealed cell population-specific
expression of target genes (Fig. 2e and Supplementary Fig. 1a). Genes
that showed low expressionin a previous RNA-sequencing study were
detected successfully (Fig. 2e and Extended Data Fig. 9), suggesting
a high sensitivity of PHYTOMap. We performed de novo clustering
using PHYTOMap data and visualized the data on Uniform Manifold
Approximation and Projection (UMAP) without using any spatial infor-
mation (Fig. 2f and Supplementary Fig. 1b,c). These clusters success-
fully captured major cell types and developmental stages in the root
tip (Fig. 2g). Together, these results demonstrate that PHYTOMap can
spatially map dozens of genes at a single-cell resolution in a highly
reproducible manner.

To test the limits of PHYTOMap, we performed 14 successive
rounds of experiments targeting the same genes. We observed quali-
tatively consistent signals across theimaging rounds (Supplementary
Fig.2), except forone detection fluorophore (Alexa Fluor 750), whose
signal decayed after the eighth round, indicating that the current pro-
tocol can detect 50 genes in the same tissue. The results also indicate
that the order of imaging rounds would not substantially affect the
qualitative readouts, at least in the first eight rounds. Quantitative
analysis of gene expression across 14 rounds showed an overall decreas-
ing signal and increasing noise over imaging rounds (Extended Data
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Fig.1|Whole-mount spatial mapping of root tip cell-type marker genes
with PHYTOMap. a, In fixed whole-mount tissue, target mRNA molecules

are hybridized by pairs of DNA probes (SNAIL probes) that harbour mRNA
species-specific barcode sequences (pink bars). Barcode-containing DNA
probes are circularized by ligation (red star) and amplified in situ by RCA. During
amplification, amine-modified nucleotides are incorporated into the DNA
amplicons (RCPs) and stably cross-linked with the cellular protein matrix using a
non-reversible amine cross-linker. Amplified DNA barcodes are detected by SBH
chemistry through multiple rounds of imaging. b, SBH chemistry. Before each
imaging round, four types of bridge probes are hybridized to a set of four DNA
barcodes. Eachbridge probe is then targeted by one of four fluorescent probes
to beimaged. Afterimaging, bridge probes and fluorescent probes are stripped
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away, keeping RCPs in place. These steps are repeated until all the DNA barcodes
areread. ¢, Representative images at different imaging rounds. The maximum
exposure of 60 z planes of the same position in the tissue is displayed. Scale
bar,30 pm. d, Schematic representation of the root tip and UMAPs displaying
root tip scRNA-seq data'® used in this study. In the UMAPs, cells are labelled with
cell types (left) and regions (right). LRC, lateral root cap; QC, quiescent centre.

e f, Representative results from the imaging rounds 2 (e) and 3 (f). Left, UMAPs
showing expression patterns of target genes. The colours of the gene name
labels correspond to the colours in the images below. Middle, 3D projections
(upper) and optical sections (2D, lower) of whole-mount tissue images. Right,
representative cross-section views of the middle part of the samples (transition/
elongation zone). Scale bar, 25 um.
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Fig. 2|Single-cell and spatial analysis of 28 genes with PHYTOMap.

a, PHYTOMap data analysis pipeline for single-cell analysis. b, 3D visualization
of transcripts detected and decoded after image registration in arepresentative
root tip (root 4). A middle section (z planes 90-120 of 208) of the image is
displayed. Representative genes from each imaging round are shown. ¢, Violin
plots showing the number of unique RNA molecules (left) and genes (right)
detected in five root tip samples. d, Left, scatter plot comparing normalized

bulk expression of each gene between two samples (root1and root 2). Right,
correlation plot showing pair-wise correlation coefficients among five replicates.
e, Hierarchical clustering of cells of root 4 based on the relative expression of 28
genes. Cluster IDs are indicated at the bottom. RE, relative expression. f, UMAP
visualization of the clusters shownin e. g, 3D visualization of transcripts coloured
by clustersineandfinarepresentative root tip (root 4). Amiddle section (z
planes 90-120 of 208) of the image is displayed. Scale bar, 25 um (b,g).

Fig.10).Improving the accuracy and sensitivity of spot detectionisan
important future task.

In conclusion, PHYTOMap is a new technology that enables mul-
tiplexed single-cell spatial gene expression analysis in whole-mount
plant tissue without requiring transgenic plant lines. APHYTOMap
experiment can be performed on a timescale similar to other in situ

hybridization protocols in Arabidopsis'®"; sample preparation takes

4-5 dayswith ~-10 htotal bench time (Supplementary Fig. 3a). Imaging
canbe performed using aregular confocal microscope. Eachimaging
round takes 3 hfor one roottip and 5 h for five root tips in the current
study; thus 21 h and 35 h to finish imaging for a28-gene experimentin
oneand five roottips, respectively. It is possible toimage muchlarger
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tissues with longer imaging times. Signal could be detected from the
maturation zone of the root (Extended Data Fig. 3c). PHYTOMap also
successfully detected a housekeeping gene (POLYUBIQUITIN 10 or
UBQI10) in whole-mount Arabidopsis leaves (Supplementary Fig. 4).
We demonstrated that the current protocol candetect 50 genesin the
same tissue. Previous studies have shown that more than 25 rounds of
imaging are possible with DNA amplicons obtained using approaches
similar to our method?, suggesting that PHYTOMap can potentially
target more than 100 genes with optimized protocols. A recent study
successfully reconstructed 3D spatial expression of the transcrip-
tome of Arabidopsis flower meristems by integrating scRNA-seq data
with validated spatial expression of 28 genes using novoSpaRc**.
PHYTOMap, combined with such computational approaches, can
generate a 3D spatial transcriptome atlas of various tissues and con-
ditions. Discriminating highly similar transcripts is challenging with
hybridization-based methods like PHYTOMap, but the computational
approach described above can compensate for this limitation. The
transgene-free nature of PHYTOMap makes this technology potentially
applicable to any plant species. Cell-type annotation in scRNA-seq is
challenging in many crop plants because their marker genes are often
notconserved inother well-characterized species such as Arabidopsis.
Apotential challengein applying PHYTOMap to other plant species is
permeabilization of the tissue, which can be achieved by optimizing cell
wall degradation protocols®. We believe that PHYTOMap will become
awidely used tool for efficient cluster annotation in scRNA-seq studies
of avariety of plant species. Beyond cell typing, PHYTOMap will offer
unique opportunities to interrogate spatial regulation of complex cel-
lular responsesin plant tissue during stress and development with the
ability to directly tap into various mutants that already exist.

Methods

Sample preparation

Arabidopsis thaliana accession Col-0 seeds (hereafter Arabidopsis)
were sown on square plates containing Linsmaier and Skoog medium
(CaissonLabs, catalogue no.LSP03) with 0.8% sucrose solidified with 1%
agar (Caisson Labs, catalogue no. A038). Plates were kept vertically for
5daysinagrowth chamber underan 8:16 hlight/dark regime at 21 °C.

PHYTOMap experimental procedure

Chemicals and enzymes. The following chemicals and enzymes
were used: a poly-D-lysine coated dish (MatTek, catalogue no.
P35GC-1.5-14-C); T4 DNA ligase (Thermo Fisher Scientific, catalogue
no. ELOO11); EquiPhi29 DNA polymerase (Thermo Fisher Scientific,
catalogue no. A39391); SUPERaseln RNase inhibitor (Invitrogen,
catalogue no. AM2696); aminoallyl dUTP (AnaSpec, catalogue no.
AS-83203); Dulbecco’s phosphate-buffered saline (DPBS) (Sigma,
catalogue no. D8662); molecular biology grade BSA (New England
Biolabs, catalogue no. B9000S); dNTPs (New England Biolabs, cata-
logue no. N0447S); Fluorescent Brightener 28 disodium salt solution
(Sigma, catalogue no. 910090); formaldehyde solution for molecular
biology, 36.5%-38% in water (Sigma, catalogue no. F8775); Triton-X
(Sigma, catalogue no. 93443); Proteinase K (Invitrogen, catalogue no.
25530049); nuclease-free water (Invitrogen, catalogue no. AM9937);
BS(PEG)9 (Thermo Fisher Scientific, catalogue no. 21582); 20x SSC
buffer (Sigma-Aldrich, catalogue no. S6639); ribonucleoside vanadyl
complex (New England Biolabs, catalogue no. S1402S); formamide
(Sigma, catalogue no. F9037); RNase-free Tris buffer pH 8.0 (Invitro-
gen, catalogue no. AM9855G); RNase-free EDTA pH 8.0 (Invitrogen,
catalogue no. AM9260G); cellulase (Yaklut, catalogue no. YAKLOO13);
macerozyme (Yakult, catalogue no. YAKL0021); and pectinase (Thermo
Fisher Scientific, catalogue no. ICN19897901).

Probe design. Target genes were selected manually based on their
cell type-specific expression. Probes were constructed by combining
the probe design used in STARmap?** and HYBISS® (Extended Data

Fig.1a). ASNAIL probe—a pair comprising a padlock probe (PLP) and a
primer—was designed. (1) For each gene, 40-50-nucloetide sequences
witha GC content 0f 40%-60% were selected and it was confirmed that
there was no homologous region in the other transcripts by blasting
against TAIR10 Arabidopsis genome. (2) Selected sequences were split
into halves, each of20-25 nucleotides (the 5" halves for PLPs and the 3’
halves for primers), withatwo-nucleotide gap between, ensuring that
the melting temperature (7;,) of each halfisaround 60 °C. (3) PLPs have
complementary sequences for target specific bridge probes. (4) Four
SNAIL probes were designed for each gene. (5) PLPs and primers have
complementary sequences to formacircular structure. Bridge probes
and detection read-out probes were designed as described previously®
and detailedin Supplementary Table 2. All probes were manufactured
by Integrated DNA Technologies. SNAIL probes were manufactured
in the form of oPools Oligo Pools with desalting purification. Bridge
probes were manufactured individually with desalting purification.
Detectionread-out probes were manufacturedindividually with HPLC
purification.

Sample fixation and permeabilization. Five-day-old root tips were cut
on the agar plate using a razor blade, mounted on a dry poly-D-lysine
coated dish using tweezers, and immediately fixed, dehydrated
and rehydrated in a manner similar to that described in previous
studies*” with modifications. The following steps were conducted on
thedish. Arabidopsisroot tips wereimmersedin FAA (16% v/v formalde-
hyde, 5% v/v aceticacid and 50% ethanol) for 1 h at room temperature.
RNase-free water was used throughout the entire protocol. Samples
were then dehydrated in a series of 10-min washes once in 70% (v/v in
nuclease-free water) ethanol, once in 90% ethanol and twice in 100%
ethanol, followed by two 10-min washes in 100% methanol, and then
were stored in100% methanol at—20 °C overnight. The next day, sam-
ples were rehydrated in a series of 5-min washes in 75% (v/v), 50% and
25% methanol in DPBS-T (0.1% Tween 20 in DPBS) at room tempera-
ture. The cell wall was partially digested by incubating samples in cell
wall digestion solution (0.06% cellulase, 0.06% macerozyme, 0.1%
pectinase, and 1% SUPERase in DPBS-T) for 5 min on ice, and then for
30 min at room temperature. After two washes in DPBS-TR (DPBS-T
and 1% SUPERase), samples were fixed in 10% (v/v) formaldehyde for
30 minatroom temperature and washed with DPBS-TR. Proteins were
digested by incubating samples in protein digestion buffer (0.1 M
Tris-HCI pH 8, 50 mM EDTA pH 8) with a1:100 volume of Proteinase
K (20 mg ml™, RNA grade; Invitrogen, catalogue no. 25530049) for
30 min at 37 °C. After two washes in DPBS-TR, samples were fixed in
10% (v/v) formaldehyde for 30 min at room temperature and washed
with DPBS-TR.

SNAIL probe hybridization, amplification and fixation. The following
steps are based on STARmap protocols® with modifications. A pool of
SNAIL probes (500 nM each) was heated at 90 °C for 5 min and cooled
atroomtemperature. Samples were incubated in hybridization buffer
(2xSSC, 30% formamide, 1% Triton-X, 20 mM ribonucleoside vanadyl
complex and pooled SNAIL probes at 10 nM per oligo) in a40 °C humidi-
fied oven overnight. After hybridization, samples were washed twicein
DPBS-TRand oncein4xSSCin DPBS-TR for 30 minat 37 °Cand rinsed
withDPBS-TRat room temperature. Samples were thenincubatedina
T4 DNA ligation mixture (1:50 dilution of T4 DNA ligase supplemented
with 1x BSA and 0.2 U pl™ of SUPERase-In) at room temperature over-
night. After ligation, samples were washed twice with DPBS-TR for
10 minatroom temperature and incubated inarolling circle amplifica-
tion (RCA) mixture (1:20 dilution of equiPhi29 DNA polymerase, 250 pM
dNTP, 0.1 pg pI™ BSA, 1 mMdithiothreitol, 0.2 U pl™ of SUPERase-In and
20 pM aminoallyl dUTP) at 37 °C overnight. After RCA, samples were
rinsed in DPBS-T and covalently cross-linked with 4.3 pg pl ™ BS(PEG)9
in DPBS-T. BS(PEG)9 was then quenched by incubating samplesin1M
Tris-HCI (pH 8) for 30 min at room temperature.
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Gel embedding and tissue clearing. After the fixation of DNA ampli-
cons, samples were embedded in acrylamide gel by incubating in a
polymerization mixture (4% acrylamide, 0.2% bis-acrylamide, 0.1%
ammonium persulfate and 0.1% tetramethylethylenediamine in
DPBS-T) for 1.5 h at room temperature. Samples were then rinsed in
DPBS-T. After gel embedding, samples were cleared by incubating in
ClearSee” at room temperature overnight.

Sequence-by-hybridization. Samples were washed with 2x SSC for
5 min at room temperature and then incubated in a bridge probe
hybridization mixture (2x SSC,20% formamide and four bridge probes
at100 nM per oligo in water) for 1 h at room temperature. After washing
twicein2x SSCfor 5 minat roomtemperature, samples wereincubated
in a detection probe hybridization mixture (2x SSC, 20% formamide,
1:100 dilution of Calcofluor White (Fluorescent Brightener 28 disodium
saltsolution) and fluorescent detection oligos at 100 nM per oligos in
water) for 1 hat roomtemperature. Samples were washed in2x SSC and
ClearSee for 5 min at room temperature and stored in ClearSee until
imaging. Afterimaging, the PHYTOMap signal was stripped by incubat-
ingin stripping buffer (65% formamide in 2x SSC) at 30 °C for 30 min.

Imaging. Imaging was performed using a Leica Stellaris 8 confocal
microscope equipped with a DMi8 CS Premium, supercontinuum
white light laser, laser 405 DMOD, power HyD detectors and an HC PL
APO CS2 x40/1.10 water objective. The image size for a field-of-view
was 512 x 512 pixels with a voxel size of 0.57 pm x 0.57 pm x 0.42 pm,
and three fields-of-view were acquired for each root sample unless
otherwise stated. The 2D images shown in Extended Data Fig. 4b were
takeninascan format of 2,048 x 2,048 pixels with denoising (averag-
ing two images). The following channel settings were used: 405 nm
excitation, 420-510 nm emission; 499 nm excitation, 504-554 nm
emission; 554 nm excitation, 559-650 nm emission; 649 nm excita-
tion, 657-735 nm emission; 752 nm excitation, 760-839 nm emission.

PHYTOMap in the leaf. Arabidopsis plants were grown in soil for
20 days with a12 h light period. The fifth leaf (the largest) was used
for the experiment. Leaves were processed as described above with
slight modifications. Because the whole-mount leaf did not attach
to the poly-D-lysine coated dish, the tissue was fixed in a 1.5 ml tube
with FAA. A vacuum was applied to facilitate fixation. After the first
fixation, the tissue was transferred to a poly-D-lysine coated dish and
the downstream steps were carried out on the dish. The tissue was not
embedded in the gel, because we did not perform multiple rounds of
imaging. Beforeimaging, the tissue was mounted onaglass slide with
a coverslip on top to immobilize the tissue. SNAIL probes for UBQ10
(AT4G05320) were used (Supplementary Table 2).

Cost of PHYTOMap. The cost of PHYTOMap experiments is approxi-
mately US$80 for a 28-gene experiment and US$230 for a 96-gene
experiment (Supplementary Fig. 3b and detailed in Supplementary
Table 3), where each experiment can accommodate five or more root
tips, which can be from different treatments and/or genotypes. The
initial investment (reagent cost) to set up PHYTOMap experiments
is approximately US$2,700 and US$5,500 for a 28-gene and 96-gene
experiment, respectively.

PHYTOMap data processing

Image registration. Sample handling could cause shifts in a
field-of-view during image acquisition. To correct these shifts, image
stacks from each round were registered in three dimensions based on
the cell wall boundary staining information by a global affine align-
ment using random sample consensus-based feature matching®. We
adopted the analysis pipeline of Bigstream® with modifications. The
first round of images was used as a reference. The registered images
were used for downstream analysis with starfish (https://github.com/

spacetx/starfish), aPythonlibrary for processingimage-based spatial
transcriptomics data.

Spot detection and decoding. Registered image stacks were pro-
cessed with Image]J (v.2.3.0) into individual images for each channel
and z-step that starfish can process. Images were denoised using the
Bandpassfunction, and the zaxis was smoothed by Gaussian blurring
using the GaussianLowPass function with the following parameters:
Ishort =0.5, llong =11 and threshold=0.0. Using the Clip function, an
image clipping filter was applied to remove pixels of too low or too
highintensity. Fluorescence in situ hybridization signals (spots) from
single molecule-derived rolling circle products (RCP) were detected by
ablob detection technique using the BlobDetector function, which is
amultidimensional Gaussian spot detector that convolves kernels of
multiple defined sizes with images to identify spots. The kernel sizes
were determined based on the diameter of spots (typically around
1um). Detected spots were decoded based on the imaging round and
the channel information using the SimpleLookupDecoder function.

Cell segmentation. The cell wall staining image of the firstimaging
round (the same image used as areference forimage registration) was
used for segmentation. PlantSeg workflow' was used to predict cell
boundaries and label the cells in the image stacks. A re-scaling factor
of[1.68,2.28,2.28] was used to fit ourimages to the ‘confocal_PNAS_3d’
modelonthesoftware. Agraphics processing unit-based convolutional
neural network prediction was used for cell boundary prediction with
the patch size of [80, 160, 160] and the ‘accurate’ mode (50% overlap
between patches). The Multicut segmentation algorithm was used
with under-/oversegmentation factor = 0.5, 3D watershed, convolu-
tional neural network predictions threshold = 0.3, watershed seeds
sigma =1.0, watershed boundary sigma = O, superpixels minimum
size =1, and cell minimum size = 1. After segmentation, images were
re-scaled with the appropriate factors.

Spot assignment to segmented cells. Based on the segmentation
masks generated in the previous step, individual decoded spots were
assigned to cells using the AssignTargets function. The spots were then
counted foreachtargetineach cell, resultingina cell-by-gene matrix.

Image visualization. Registered and decoded images were visualized
using napari’®, a fast, interactive, multidimensional image viewer for
Python, by using the starfish function display.

PHYTOMap count data analysis

scanpy was used for analysing count data®. Cells that contain fewer
than six spots (transcripts) were filtered out from the analysis. Count
data were log-transformed, and principal components were calcu-
lated. A neighbourhood graph was computed by using 10 principal
components withalocal neighbourhood ssize of five. UMAP embedding
was generated based on the neighbourhood graph. Clustering was
performed withthe Leiden algorithm with aparameter resolution of 1.
Theplotsin Extended DataFig.10 were created using ggplot2 (v.3.3.5).

HCR

HCRwas performed as reported previously” with some modifications.
Root tips were fixed and permeabilized as described above in the PHY-
TOMap method. After protein digestion and post fixation, the sample
was pre-incubated in HCR probe hybridization buffer (Molecular Instru-
ments, catalogue no. BPH02323) for 30 min at37 °C, thenincurvatedin
HCR probe hybridization buffer with a1:500 volume of a GFP-targeting
probe mixture (designed by Molecular Instruments) overnight at 37 °C.
After probe hybridization, the sample was washed twice with HCR
probe wash buffer (Molecular Instruments, catalogue BPH01923)
for 30 min at 37 °C and twice with 5x SSCTR (5x SSC, 0.1% Tween and
0.2 U pl™ of SUPERase-In) for 10 min at room temperature. The sample
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was thenincubated in the HCR amplification buffer (Molecular Instru-
ments, catalogue number BAM02323) for 30 min at room temperature.
During the incubation, HCR amplifier B3-h1/2 Alexa Fluor 647 was
heatedto 95 °Cfor90 sinathermocycler and cooled at room tempera-
ture for 30 min. The amplification solution was prepared by adding a
1:50 volume of cooled HCR amplifiers to the HCR amplification buffer.
The sample was incubated in the amplification solution overnight at
room temperature and washed three times with 5x SSCTR for 20 minat
roomtemperature. The sample was then cleared in ClearSee for more
than1day until imaging. For imaging, the cell wall of the samples was
stained with Calcofluor White as described above.

scRNA-seq analysis

Processed and annotated data by Shahan et al."® were downloaded
from the Gene Expression Omnibus (GSE152766_Root_Atlas_spliced_
unspliced_raw_counts.rds.gz). The R package Seurat (v.4.1.0)*° was
used to display the expression of target genes.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Image dataareavailable at http://neomorph.salk.edu/downloads/phy-
tomap/.Sequences of allthe DNA probes used in this study are provided
inSupplementary Table 2. Processed and annotated scRNA-seq datais
available at the Gene Expression Omnibus (GSE152766).

Code availability
The codetoanalyse PHYTOMap datais available at https://github.com/
tnobori/PHYTOMap.
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SNAIL padlock probe
/5Phos/ACATTA[Target specific sequence; 5’ part][ID sequence][Anchor sequence] AAGATA

SNAIL primer
[Target specific sequence; 3’ part]TAATGTTATCTT

Bridge probe

[Complementary to ID sequence][Fluorescent probe binding sequence]

Fluorescent probe

/5Fluorophore/[Complementary to fluorescent probe binding sequence]

Extended DataFig.1| PHYTOMap probe design. ID sequences are unique to different RNA species. Anchor sequence was included based on a previous study" but
notused in the present study.
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a

AT2G46570
AT3G55550

AT5G37800
AT4G29100

Extended Data Fig. 2| Optimization of formamide concentration during channels are shown in higher contrast thanin Fig. 2b, and cell wall staining images
SNAIL probe hybridization. a, Hybridization in 30% formamide showed higher areoverlaid. Scale bars =25 pm. Three independent roots were tested with similar
target specificity. b, Images after stripping fluorescent probes. The four-color results.
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PHYTOMap

ELTP::.GFP
(Endodermis)

i.
i
4

LBD16::GFP
(Pericycle)

Extended Data Fig. 3| PHYTOMap validation. The mRNA of GFP was targeted bars=25um.c, PHYTOMap images that cover larger areas. (Left) ELTP:FLS2-GFP.
with HCR (left) or PHYTOMap (right) in (a) ELTP:FLS2-GFPand (b) LBD16::FLS2- (Right) LBD16::FLS2-GFP.Scale bar =100 um. Three independent roots were
GFPplants, which express GFP in endodermis and pericycle, respectively. Scale tested with similar results.
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ATAG28100  AT5G53730 AT5G48657
(Endodermis) (Xylem) (Epidermis)

)

AT5G37800 AT4G29100 AT5G64620
(Trichoblast) (Pericycle) (Cortex)

Extended Data Fig. 4 | Whole-mount spatial mapping of root tip cell

type marker genes predicted inscRNA-seq datawith PHYTOMap. a,

b, Representative results from each imaging round. Left: UMAPs showing
expression patterns of target genes. The colors of gene name labels correspond
to the colorsin theimages below. Middle: 3D projections (top) and optical

AT5G58010
(Trichoblast)

AT5G57620
(Enddermis)

c
AT2G28900
(QC/Columella)

AT3G20840
(QC/Columella)

AT3G55550
(QC/Columella)

sections (2D, bottom) of whole-mount tissue images. Right: Representative
cross-section views of the middle part of the samples (transition/elongation
zone). ¢, Validated and predicted marker genes for QC and columella. 3D images
were shown with cell wall staining. Scale bars =25 pm.
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AT4G28100 AT5G53730 AT5G37800 AT4G29100
a (Endodermis) (Xylem) (Trichoblast) (Pericydle)

AT5G48657 AT5G58010 AT5G64620 AT5G57620
(Epidermis) (Trichoblast) (Cortex) (Enddermis)

Extended Data Fig. 5| Detailed analysis of PHYTOMap images. Magnified images of 2D optical section images in (a) Fig. 2b and (b) Fig. 2. UMAP plots show
expression patterns of target genes. The colors of gene name labels correspond to the colors in the images below. Scale bars =25 um.
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a
AT1G71692
(Phloem)
AT2G34140
(Stele/Procambium)
b

AT1G16390
(Endodermis)

§”

AT1G07710
(Phloem)

AT1G71930
(Xylem)

&)

Extended Data Fig. 6 | Detailed analysis of PHYTOMap images. Magnified images of 2D optical sectionimagesin (a) Fig. 2d, and (b) Fig. 2e. UMAP plots show
expression patterns of target genes. The colors of gene name labels correspond to the colors in the images below. Scale bars =25 um.
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a

AT5G42630 AT5G12050
(Epidermis) (Trichoblast)

AT3G10080
(Phloem)

y

AT3G46280
(Atrichoblast/LRC)

2

g

S

AT3G54220
(Endodermis)

AT2G31310
(Pericycle)

AT1G07640
(Phloem)

¥ iy

ATAG22160
(Pericycle)

/e

Extended Data Fig. 7| PHYTOMap images for additional genes. Magnified 2D optical section images of genes that are not shown in Fig. 1. UMAP plots show
expression patterns of target genes. The colors of gene name labels correspond to the colors in the images below. Scale bars =25 um.
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AT2G40260
(Cortex)

AT1G79840
(Atrichoblast)

Extended Data Fig. 8 | PHYTOMap images for additional genes. Magnified 2D optical section image of genes that are not shown in Fig. 1. UMAP plots show
expression patterns of target genes. The colors of gene name labels correspond to the colors in the images below. Scale bars =25 um.
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Extended Data Fig. 9 | Varying levels of expression of the genes targeted in this study. Bulk expression levels of genes (transcript per million) were calculated based
ontheroot tip scRNA-seq data’®. The twenty-eight genes targeted in this study were highlighted in red.
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Imaging rounds

Extended Data Fig. 10 | Quantitative analysis of PHYTOMap data across 14
rounds ofimaging. a, Expression of genes labelled with Alexa Fluor 488/555/647
(Extended Data Fig. 8). Data were shown as relative expressiontoR1.b,

channel
1.0 - AF750
AF647
0.5 \\4——/
- AF555
- AF488
0.0

T r T T 111 1T 1T T"1
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14

Imaging rounds

Expression of genes labelled with Alexa Fluor 750 (Extended Data Fig. 8). Data
were shown as relative expression to R2 as the data of R1showed unusually weak
signals. n =3 independent roots. Error barsindicate standard deviation.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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