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Abstract

Delineating the spatial multiomics landscape will pave the way to understanding the molecular
basis of physiology and pathology. However, current spatial omics technology development is
still in its infancy. Here, we developed a high-throughput multiomics in situ pairwise
sequencing (MiP-Seq) strategy to efficiently decipher multiplexed DNAs, RNAs, proteins, and
small biomolecules at subcellular resolution. We delineated dynamic spatial gene profiles in
the hypothalamus using MiP-Seq. Moreover, MiP-Seq was unitized to detect tumor gene
mutations and allele-specific expression of parental genes and to differentiate sites with and
without the m6A RNA modification at specific sites. MiP-Seq was combined with in vivo Ca*"
imaging and Raman imaging to obtain a spatial multiomics atlas correlated to neuronal activity
and cellular biochemical fingerprints. Importantly, we proposed a “signal dilution strategy” to
resolve the crowded signals that challenge the applicability of in situ sequencing. Together, our
method improves spatial multiomics and precision diagnostics and facilitates analyses of cell
function in connection with gene profiles.

Key words: Spatial omics; In situ sequencing; Multiplexed; High throughput; Single-base
resolution.
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Multicellular organisms elegantly orchestrate the cotranscription of the appropriate genes in
specific cells . These spatial transcription profiles govern the functions of distinct cells to
complete sophisticated physiological tasks. Delineation of comprehensive spatial omics will
pave the way to understanding the molecular function of specific cells and greatly advance
precision diagnostics by, for example, characterizing the immune microenvironment before

cancer therapy **

. Recently, state-of-the-art spatial transcriptomics methods have been
developed for highly multiplexed RNA in situ detection: these methods include SeqFISH °'!,
MERFISH '> 13 ISS *18 FISSEQ !°, STARmap ?°, INSTA-seq 2!, ExSeq ?* %, Slide-seq >* %,
HDST 2%, and DBiT-seq 2’. However, spatial-omics technologies are still in their infancy. For
example, most methods can be used to decipher only the spatial information of one kind of
biomolecule, many rounds of sequencing are required for high-throughput spatial omics.
Methods to improve the capture efficiency, throughput capacity, cellular resolution, and optical
crowding and to reduce the cost of these experiments are desperately needed 25, In this study,
we developed a high-throughput multiomics in situ pairwise sequencing (MiP-Seq) method to
efficiently detect multiplexed DNAs, RNAs, proteins and biomolecules in brain tissue at
subcellular resolution.

The in situ detection of DNA and RNA by MiP-Seq is realized with direct padlock probes
that target nucleic acids, and the detection of proteins and biomolecules is realized with padlock
probes that detect antibody-conjugated nucleic acids (Fig. 1A). First, we applied MiP-Seq to
spatial RNA profiling, and the process involved padlock probe hybridization, in situ rolling-
circle amplification (RCA) and dual barcode sequencing via ligation (Fig. 1B). Notably, each
padlock probe contains two barcodes (B1 and B2), which increases its signal-decoding capacity.

Considering previous studies'® 3134

, we compared different ligases (Fig. S1) and selected
SplintR to ligate RCA templates, which enhanced RCA template ligation efficiency. This
method of ligation depends on precisely matched base pairing, which allows single-nucleotide
polymorphisms (SNP) in target RNA to be detected by MiP-Seq. Owing to the target-
dependent ligation of the padlock probe and initiator primer (IP) complementarity to both the
target RNA and padlock probe, RCA was firmly performed in situ together with the target (Fig.
1B). For high-throughput detection, the in situ rolling amplified products (RCPs) were
subjected to multiple rounds of sequencing via ligation and signal decoding (Fig. 1B).

To increase the signal-decoding throughput capacity, we simultaneously sequenced the dual
barcode base in each round. In this strategy, the combination of two of four fluorescence signals

enables barcoding of ten different combinations within each cycle (Fig. 1B-1D). Thus, 10N

genes can be decoded via N rounds of sequencing (Fig. 1B), which dramatically increases the
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98 gene detection throughput in considerably fewer rounds of sequencing compared to that of

99 other in situ sequencing methods (in which usually 4" genes can be decoded) '* 1%:2% 22, Owing
100 to RCA, the signals of RCPs, represented as dots, can be clearly recognized and interpreted
101 based on dual barcode sequencing (Fig. 1D-1E). To perform dual barcode sequencing, we tried
102 two strategies, paired-end sequencing and pairwise sequencing (Fig. S2A-S2B). In the paired-
103 end sequencing strategy, a dual barcode base was sequenced by one-anchor paired-end ligation
104 sequencing (Fig. S2A). Co-occurrence and correlation were analyzed to verify the percentage
105 of overlapping dual barcodes in HBMECs (Fig. S2C-S2E). The intensities of the dual-barcode
106 fluorescence signals were found to be highly correlated, suggesting the reliability of the dual
107 barcode sequencing method (Fig. S2D). These data were validated via cooccurrence analysis
108 of dual fluorescence signals (Fig. S2E).
109 To obtain maximal dual base-calling accuracy, we performed a pairwise sequencing to
110 decipher the dual barcode and compared the efficiency of this method with that of the paired-
111 end sequencing strategy (Fig. S2A-S2B). As shown in Fig. S2F-S2H, pairwise sequencing led
112 to a greater overlapping than the paired-end sequencing strategy. These data indicate that our
113 pairwise sequencing-based MiP-Seq method led to more accurate dual base-calling, on top of
114 high barcoding capacity. With the rapid evolution of highly sensitive microscopy techniques
115 and deep learning-assisted imaging analysis, we believe the accuracy of dual base-calling can
116 be further improved.
117 Next, we tested the efficiency of MiP-Seq in RNA detection by comparing the degree of
118 human GAPDH and mTOR gene transcript detection obtained with MiP-Seq and with HCR-
119 FISH 3.0 3 (FISH with HCR amplification) (Fig. S3). First, for MiP-Seq, 2 target probes
120 against GAPDH and MTOR transcripts were used, and the average detection efficiency per cell
121 reached approximately 40% of that achieved with HCR3.0-FISH. By increasing the number of
122 MiP-Seq targeting probes to 8 probes, the efficiency of GAPDH and MTOR gene transcript
123 detection reached 96% and 56%, respectively. Further, the expression pattern of different genes
124 in the mouse brain that was detected by MiP-Seq was similar to the pattern revealed through
125 traditional in situ hybridization according to the Allen Institute brain map (Fig. S4A-S4B).
126 Moreover, MiP-Seq enabled detection of gene transcripts at subcellular resolution, as indicated
127 by the results showing the Kif5a mRNA signal in the cytoplasm and the Snhg/l mRNA signal
128 in the nucleus (Fig. S4C).
129 MiP-Seq firmly depends on the adjacent ligation to a precisely matched base pair with the
130 target sequence to form the RCA template. Thus, it may be further utilized to detect targets
131 with single base variance and carrying RNA modifications. As shown in Fig. S5A, we
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132 performed MiP-Seq to distinguish human and mouse B-actin mRNA with single nucleotide
133 variation in cocultured HBMEC cells (human origin) with Bend3 cells (mouse origin).
134 Moreover, we leveraged MiP-Seq to analyze multiplex allele-specific gene expression patterns
135 in mouse brains. The SNPs of parental genes (Fam171b, Rpsli, Hba-a2, and Rpl15) were first
136 identified by RNA-seq, and then, MiP-Seq was applied to samples of mouse hippocampus and
137 paraventricular nucleus of the hypothalamus (PVN). Uneven allele-specific gene expression
138 patterns of parental genes were consistently detected; for example, the G allele of the Rps/1
139 gene and the T allele of the Rp/15 and Hba-a2 genes, which were preferentially expressed in
140 both the hippocampus and PVN, were detected by MiP-Seq (Fig. 1F and Fig. S5B-S5D). These
141 data may imply that the maternal and paternal chromosomes in the same cell might be
142 undergoing different gene transcription regulation process.

143 As RNA modification may disrupt RCA template ligation, we hypothesized that MiP-Seq
144 can be used to differentiate methylated RNA from unmodified RNA. To test this hypothesis,
145 synthesized m6A-modified RNA and control RNA without modification were transfected into
146 HEK293T cells and subjected to MiP-Seq. As shown in Fig. 1G, we observed positive signals
147 for unmodified RNA, whereas we detected a negligible signal for m6A-modified RNA due to
148 failed adjacent ligation at the methylated nucleotide site. Thus, MiP-Seq can be utilized to
149 differentiate m6A methylated RNA at specific sites. Furthermore, we used MiP-Seq to detect
150 wild-type (WT) and point mutations of multiple genes in tumors simultaneously (Fig. S5E-
151 S5F). Based on our RNA-seq data, we applied MiP-Seq to WT and mutated Enol, Nptxr, Sppl,
152 Tnc, and Tubala genes in rat brains with C6 glioma (Fig. S5E). The expression of the mutant
153 and WT genes was simultaneously detected in these glioma tissues through 10 barcode readouts
154 in one round of in situ sequencing (Fig. SSF).

155 Next, we tried to employ MiP-Seq to realize multiple genes detection for large imaging field
156 of view. As shown in Fig. 2A, the spatial transcriptomic landscape of ten genes (Calbl, Gadl,
157 Plpl, Neurodl, Cck, Lamp35, Ndnf, Pax2, Pcp4, and Penk) in the whole sagittal section of mice
158 brain was delineated by one round of MiP-Seq. Importantly, the expression patten of these
159 genes detected by MiP-Seq is consistent with the results from Allen Institute of Brain Science
160 (Fig. 2B and Fig. S6A-S6B). To further construct 3D gene expression architecture, 34 sagittal
161 sections from the whole cerebellum with 200 um interval were subjected to multiplexed genes
162 detection by MiP-Seq (Fig. 2C-2D and movie S1). The reconstructed image showed the 3D
163 view of the expression and distribution of Calbi, Gadl, Neurodl, and Plpl genes in the whole
164 cerebellum (Fig. 2E and Fig. S6C). Moreover, we also optimized MiP-Seq for multiplex gene
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165 detection in whole mount tissue. As shown in Fig.2F-2G, the in situ gene expression pattern of
166 foxgla, hoxb3 and gadlb genes were detected in the whole mount of zebrafish telencephalon.
167 Owing to the high-throughput capacity of MiP-Seq, we mapped the spatial transcriptome of
168 100 genes in the nucleus of the horizontal limb of the diagonal band (HDB) in the hypothalamus
169 by 2 rounds of sequencing (Fig. 3A). High-throughput image processing involves image
170 registration, candidate spot calling, decoding, cell segmentation, and gene assignment. The
171 spatial transcriptome analysis pipeline for high-throughput pairwise dual-color signal decoding
172 is shown in Fig. S7. Our data revealed the spatial profiling of 100 genes in the HDB, including
173 neurotransmitter-related genes, neuronal marker genes, and neuronal activity marker genes, at
174 single-cell resolution (Fig. 3A and Fig. S8A-S8B). Based on 100 gene profile atlases, the
175 unique spatial expression patterns of peptide hormone genes, neurotransmitter-related genes,
176 and their corresponding receptor genes were identified, as shown in Fig. 3B and Fig. S8C.
177 Through spatial gene coexpression analysis, we found that certain genes were spatially
178 coexpressed (Fig. 3C). For example, a high spatial correlation was observed for Snap25 and
179 Scg?2 expression (Fig. 3D-3E). Interestingly, we also identified that some genes with certain
180 spatially exclusive expression patterns, such as Hapl and Pdgfra (Fig. S8D-S8E).

181 According to the spatial transcriptome profiles, the 100 genes identified in the HDB were
182 clustered into six subclasses (Clusters 0 to 5). And we observed the six subclasses displayed
183 specific spatial distribution pattern along dorsal-ventral axis (Fig.3F and Fig. S8F-S8G). A
184 spatial pseudotime analysis revealed a temporal transition from Cluster 0 to Clusters 2 and 4
185 (Fig. 3G). As cells of Cluster 0 were obviously clustered together based on their spatial
186 distribution, we characterized the relationship between these cells and other clusters through
187 cell trajectory inference. By combining the spatial information and gene expression profiles, a
188 pseudotime-space analysis revealed that two branches in Cluster 0 (subclass 6) were
189 connected to Cluster 2 (Subclasses 65 and 90) and Cluster 4 (Subclasses 95 and 110). It will be
190 of great interest to investigate the development and correlated functions of each cell cluster in
191 the HDB because these clusters are elegantly organized in different locations.

192 To further explore the detailed spatial cell-cell interaction network in the HDB, we
193 performed a detailed analysis to classify cells into more subclusters (Fig. S9). Considering the
194 spatial localization of the cell clusters in the HDB, we constructed a spatial cell-cell
195 colocalization network (Fig. S10A-S10D). High-frequency colocalization between
196 oligodendrocytes (OD) and inhibitory neurons in Subclass 4 (Ni4) was observed (Fig. S10D).
197 A spatial cell-cell interaction analysis based on both spatial colocalization and ligand-receptor

198 gene expression information revealed specific ligand-receptor interaction patterns between

6
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199 certain adjacent cell clusters (Fig. 3H). For example, high expression of Ss¢ in the inhibitory
200 neuron Subclass 5 (Ni5) and Sstr4 in the adjacent excitatory neuron Subclass 1 (Nel), as well
201 as Tacl in the inhibitory neuron Subclass 5 (Ni5) and 7acr3 in the adjacent excitatory neuron
202 Subclass 2 (Ne2) was observed (Fig. SIOE). In summary, our in situ sequencing results
203 provides a detailed spatial transcriptome in HDB, which may pave the way to understanding
204 the physiology of the HDB at the single-cell spatial level.

205 Based on high throughput and highly efficient delineation of the spatial profiles of
206 multiplexed genes, MiP-Seq was further utilized to probe dynamic spatial transcriptome
207 changes in response to pathogen infection. To this end, we delineated the spatial transcriptomic
208 alterations of the PVN in response to Mycobacterium tuberculosis (M.tb) infection. The spatial
209 transcriptomic atlas of 217 genes, including cell markers, hormones, receptors, and immune-
210 related genes, was decoded at the single-cell level through three rounds of sequencing (Fig.
211 S11A). The spatial transcriptomic analysis revealed the upregulation of several immune-related
212 genes (Ly6h, Ccl3, and Bcl6b) and receptor genes (Gprl65, Calcr, and Grial) in the PVN upon
213 M.tb infection (Fig. S11B and data not shown). Meanwhile, the genes Clgb, Pgm?2l1, and Ptgs2
214 were downregulated in the PVN upon M.tb infection (Fig. S11B). Furthermore, we analyzed
215 differential expression genes (DEGs) in certain cell types based on signal density quantification
216 in the PVN and obtained DEGs in single endothelial cells, astrocytes, microglia, and neurons
217 upon M.tb infection (Fig. SI1C-S11D).

218 DNA is elegantly folded and organized in the nucleus, and the three-dimensional (3D)
219 genome architecture orchestrates the transcription of genetic code scripts. We therefore applied
220 MiP-Seq to decipher the spatial organization of DNA in brain slices (Fig. 4A). To this end, a
221 padlock probe was first hybridized to a DNA target together with the initial primer after DNA
222 denaturation and ligated using T4 DNA ligase. As shown in Fig. 4B and Fig. S12A, the spatial
223 localization of the Rbfox3 and Nr4al genes was clearly revealed by MiP-Seq. Furthermore, we
224 utilized MiP-Seq to detect DNA point mutations in C6 glioma (Fig. 4C). Our data
225 unambiguously showed both WT and mutated Nptxr genes in glioma cells (Fig. 4C and Fig.
226 S12B).

227 Furthermore, MiP-Seq was used for in situ detection of proteins by in situ sequencing of
228 antibody-conjugated nucleic acids. Our data demonstrated the accurate detection of Pol II in
229 PK-15 cells and Orexin in mouse brains by MiP-Seq, and this specificity was validated by
230 traditional immunostaining using the same cells which showed identical gene expression
231 patterns (Fig. S13 and S14A). Notably, MiP-Seq showed much higher sensitivity compared to
232 that achieved with secondary antibody immunostaining due to the strong signal amplification
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233 realized through RCA (Fig. S13 and S14A). In addition, we simultaneously detected four
234 proteins, including interferon gamma tagged with Flag, Pol II, the PCV2 cap protein, and the
235 CSFV E2 protein, in PCV2- and CSFV-coinfected PK-15 cells (Fig. S14B), suggesting high-
236 throughput capacity of MiP-Seq for in situ protein detection. Furthermore, we performed
237 simultaneous detection of proteins and mRNAs to explore the dynamic expression of 8
238 cytokine/chemokine genes in response to PCV2 and CSFV virus infection via MiP-Seq (Fig.
239 4D-4F and S15).

240 The precise spatiotemporal distribution of biomolecules such as neurotransmitters and
241 hormones play a pivotal role in cell communication and activation. A high-throughput and
242 highly sensitive detection method that leads to subcellular resolution for biomolecules is highly
243 desired®®. As many biomolecules have semi-antigen characteristic and can be specifically
244 detected by antibodies, we applied MiP-Seq to explore the spatiotemporal distribution of
245 neurotransmitters by in situ sequencing of antibody-conjugated nucleic acids (Fig. 4G). To this
246 end, we used y-aminobutyric acid (GABA), an inhibitory neurotransmitter, for biomolecule
247 detection in brain slices. As shown in Fig. 4H, the spatial distribution of GABA was clearly
248 revealed by MiP-Seq, and this result was validated by traditional immunostaining. Together,
249 these data showed that the versatile MiP-Seq strategy can be employed to detect diverse
250 biomolecules, including DNAs, RNAs, proteins, neurotransmitters, and hormones.

251 The diverse and specific function of individual cells is highly dependent on their gene profile.
252 In the central nervous system, neighboring neurons can exhibit distinct functional activity and
253 a spectrum of gene expression. By developing an in vivo-in situ approach to combine two-
254 photon Ca?" imaging and MiP-Seq in the same animal, we were able to relate the functional
255 activity and gene expression profile in the same individual neurons. Briefly, in vivo two-photon
256 Ca’" imaging was first performed in the primary visual cortex of the Thy1-GCAMP6s mouse
257 to identify spike-related somatic calcium signals from all neurons in a volume of approximately
258 350%350x80 pum®. Subsequently, MiP-Seq was performed on the slices in the corresponding
259 imaging region with different neuronal marker genes and neurotransmitter genes (such as Gadl,
260 Vip, and NPY). The nuclear signals in the in situ MiP-Seq images were used to align the in vivo
261 two-photon Ca?" image stacks (Fig. SA-5C and Fig. S16A-S16B). For each identified neuron,
262 the distinct Ca?" activity and gene expression profile were extracted from the Ca®" images and
263 the MiP-Seq dataset, respectively (Fig. 5D and Fig. S16C-S16D).

264 Furthermore, we combined MiP-Seq with hyperspectral stimulated Raman scattering
265 imaging 37 to coordinate the biochemical molecule atlas with the in situ gene profile. The in
266 situ expression of ten cell marker genes was detected in the subfornical organ in mouse brains
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267 by MiP-Seq and was aligned to the nearest Raman spectrum images (Fig. SE-5H and Fig. S17).
268 The specific Raman spectrum and the correlated gene expression pattern are shown in Fig. S17.
269 We also coupled vascular structure images with MiP-Seq data and simultaneously observed
270 the expression of the Gadl gene and the microvascular structure in the ARC (Fig. S18).

271 During multiple rounds of in situ high-throughput decoding, optical signal crowding'®,
272 especially for high-expression level genes, was the most challenging step for signal
273 interrogation. To overcome this problem, we developed a sequential dilution MiP-Seq strategy
274 in which the genes were allocated to different sets of barcodes with different unique dilution
275 primer sequences. In this way, the signals were diluted in individual rounds of imaging by
276 using different sequencing primers. Notably, we selected certain genes as reference genes,
277 which were sequenced in every round by anchor primers (Fig. 6A). After multiround
278 sequencing and imaging, all the gene signals were superimposed based on the alignment of
279 reference gene signals to reconstruct the high-density spatial transcriptomic map. As a proof of
280 concept, two rounds of sequential dilution MiP-Seq for Cxc/2, Agtrib, Slc17a6, Ccl2, 1l1b,
281 Collal, Tnf, and Calcr using reference gene Gfap and Gad? for alignment was performed. As
282 shown in Fig. 6B-6D, our strategy can indeed successfully realize precise in situ gene signal
283 dilution and expression pattern reconstruction. Thus, this sequential dilution MiP-Seq method
284 may greatly facilitate precise interrogation of high-density signals during high-throughput
285 transcriptomic mapping.

286

287 Summary and Discussion

288 In the present study, we developed a high-throughput MiP-Seq strategy to efficiently
289 delineate multiplexed DNAs, RNAs, proteins and neurotransmitters atlases in tissues at
290 subcellular resolution. In contrast to current in situ sequencing methods, MiP-Seq leverages a
291 dual-barcode padlock probe and pairwise sequencing strategy, which profoundly increases the
292 decoding capacity compared to that of other methods (10N vs. 4Y) and requires fewer
293 sequencing rounds. Thus, MiP-Seq can be used to reduce the sequencing and imaging cost
294 dramatically by reducing the sequencing time by approximately 50%. Moreover, the dual-
295 barcode and pairwise sequencing strategy significantly reduces imaging time, which minimizes
296 laser damage, a critical problem during in situ sequencing®®**'. Moreover, our design of an
297 initiator primer and a padlock probe increased the signal specificity and efficacy in comparison
298 to those achieved through current in situ sequencing methods. Compared with high-throughput

299 FISH techniques such as MERFISH and Seq-FISH, MiP-Seq can detect short RNAs (with

9
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300 fewer than 500 bp) and can differentiate single base pair mutations, while requiring fewer
301 cycles for signal decoding.

302 Since MiP-Seq can achieve single-nucleotide resolution, we applied it to detect tumor gene
303 mutations and allele-specific expression of parental genes. As this method can simultaneously
304 detect gene copy number variations and gene mutations in intact pathological sections, it may
305 be extensively used for precision tumor diagnostics. The detection of allele-specific expression
306 of parental genes can greatly improve the understanding of many fundamental biological
307 phenomena, such as heterosis, dominant inheritance, and gene epistasis. Notably, our data
308 showed that MiP-Seq is sensitive to RNA m6A modification and thus exhibits the potential to
309 differentiate m6A-modified RNA from unmethylated RNA. In the future, it will be of great
310 interest to develop a DNA bisulfite switch-like technique to chemically replace the m6A-
311 modified base with another base, which would enable the precise detection of an m6A or other
312 RNA modification in sifu using MiP-Seq.

313 Based on the high efficiency of MiP-Seq, hundreds of genes were simultaneously detected
314 in only 2-3 sequencing cycles, which enabled us to map the spatial profile in the HDB and to
315 explore the M.tb infection-induced dynamic spatial transcriptome alterations in the PVN. These
316 outcomes exemplify the use of MiP-Seq for delineating the spatial omics of certain brain nuclei
317 and identifying alterations in spatial omics at certain locations and in specific cell types. On the
318 basis of the spatial profile of the HDB that was identified by MiP-Seq, many kinds of cell-cell
319 interactions, such as autocrine, paracrine, and long-range interactions between hormones or
320 neurotransmitters, can be identified. It is important to further decipher long-range interactions,
321 especially circuit-based long-range interactions, in the nervous system. In this scenario, the
322 combination of a neural circuit tracing technique and in situ detection of ligand-receptor gene
323 expression data will be needed.

324 Furthermore, in this study, we combined MiP-Seq with in vivo Ca*" imaging and Raman
325 imaging to obtain a tissue atlas with multidimensional information, which is highly desired to
326 connect cell phenotypes and functions with gene expression profiles. MiP-Seq can also be
327 combined with other imaging techniques, such as pH imaging, oxidative stress imaging, and
328 electroactivity imaging. Although we did not directly determine the relationships between gene
329 expression pattern with specific calcium dynamics findings at this stage of our research, our
330 method provides a proof of concept to explore the correspondence between a dynamic gene
331 expression profile and distinct cell functions and phenotypes at the in situ, single-cell and high-
332 throughput levels. With the advancements in deep learning and the increase in the number of
333 integrated in situ genotypes and different kinds of phenotype data, including spatiotemporal

10
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334 biomolecule information and calcium activity, it will pave the way to predict cell function by
335 in situ gene profiles, and vice versa, in the future.

336 Moreover, we successfully performed an in situ multiomics analysis based on MiP-Seq to
337 delineate the spatial landscape of DNAs, RNAs, proteins, and small biomolecules
338 (neurotransmitters) at subcellular resolution. This in situ multiomics method has not been
339 previously demonstrated. Considering its high-throughput detection capacity, MiP-Seq can be
340 applied to comprehensively decipher the 3D genome landscape by multiple-cycle sequencing,
341 which will greatly increase the understanding of coordinated gene transcription in the 3D
342 genome. For in situ detection of proteins and biomolecules, aptamers can be utilized because
343 they can be engineered to specifically bind to proteins/biomolecules and can be easily
344 conjugated to nucleic acids (Fig. S19). In addition, since optical signal crowding causes a
345 “bottleneck” in almost all imaging-based spatial-omics methods, we developed a sequential
346 dilution strategy to solve this problem using a set of sequencing primers and an anchor gene
347 primer. This innovative dilution strategy will greatly facilitate the precise interrogation of high-
348 density signals, such as those of highly expressing genes.

349 Overall, MiP-Seq is an efficient method for the spatial profiling of 10" genes with only N
350 rounds of sequencing for high-throughput, single-nucleotide, and multiomics detection ability.
351 It can be combined with functional imaging to obtain a tissue atlas with multidimensional
352 information. In this emerging research field, many of these techniques need to be dramatically
353 improved, such as super resolution and low toxicity imaging systems, long-read sequencing
354 strategies, and the integration of functional imaging with in situ metabolomic mass
355 spectrometry. The rapid evolution of these techniques will lead to the multidimensional
356 reconstruction of detailed comprehensive molecular and functional maps of many tissues and
357 organs, which may lead us to a new frontier of biomedical research.

358

359 Materials and Methods

360 Animals

361 All mice were kept at 22°C in SPF conditions with food and water available ad libitum. Animal
362 care procedures and experiments were approved by the Scientific Ethics Committee of
363 Huazhong Agricultural University, Hubei (HZAUMO-2021-0041, HZAURA-2021-0006), and
364 conducted ethically according to the Guide for the Care and Use of Laboratory Animals of the
365 Research Ethics Committee of Huazhong Agricultural University.

366 Establishment of rat C6 glioma model
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367 Wistar rats (170-180 g) were anesthetized by intraperitoneal injection of mixed anesthetic (10%
368 urethane, 2% chloral hydrate, 3mg/mL xylazine) at 0.9 mL/100 g body weight. The head of
369 Wistar rats was fixed on a stereotaxic apparatus. After surgical exposure of the skull, holes
370 were drilled over the sites of the right caudate nucleus of the rat brain. Then, 10 pL of 1.0x10’
371 trypsinized C6 cell suspension in serum-free F12K medium was injected into the right caudate
372 nucleus (AP, 1 mm; ML, 4 mm; DV, 5 mm) with a micro-syringe at speed of 1 pL/min. After
373 injection, the needle was kept for 5 mins to fully deposit the cells. Rat skull was sealed with
374 bone wax and sutured, then rats were returned to the home cage. Two weeks later, the rats were
375 perfused transcardially with 4% PFA in PBS.

376 Pups for in situ allele specific SNP detection

377 Female C57BL/6 mice were crossed with male BALB/c mice. The offspring mice were used
378 for in situ allele-specific SNP analysis. Partial brain tissues of offspring mice were subjected
379 to transcriptome sequencing. After bioinformatics analysis, multiple allele-specific SNPs were
380 identified for in situ allele-specific SNP via MiP-Seq. Brains of offspring mice at P4 were fixed
381 and sectioned for MiP-Seq.

382 Mycobacterium tuberculosis (M.tb) infection in mice

383 C57BL/6 female mice (1.5+0.5 g) at postnatal day 2 (P2) were intraperitoneally injected with
384 either 10° CFU M.tb H37Ra-BFP or saline control. After 2 hours, pups were transcardially
385 perfused with PBS followed by 4% PFA in PBS. Mice brains were dissected out and post-fixed
386 in 4% PFA for 12 hours at 4°C, then cryoprotected with 30% sucrose in PBS for frozen sections.
387 In vivo calcium imaging

388 The male adult C57BL/6J-Tg (Thyl-GCaMP6s) mice were used for in vivo two-photon
389 calcium imaging of primary visual cortex neurons activity. Mice were anesthetized with chloral
390 hydrate (0.05 mg/kg) before surgery. A titanium headplate was attached to the skull with dental
391 cement. A craniotomy (4 mm in diameter) was performed above the right primary visual cortex.
392 Dextran Texas red (Thermo Fisher, D3329) was carefully pressure-injected at 3 locations in
393 the craniotomy with a glass pipette, resulting in 3 fluorescent landmarks along the pipette tracks,
394 which were later used to assist alignment of the in vivo image stack and post-mortem images
395 for MiP-Seq. Enrofloxacin (1 mg/mL) was injected daily for at least 3 days after surgery. In
396 vivo two-photon imaging was performed at least 2 weeks after the surgery.

397 The activity of cortical neurons was recorded by imaging fluorescence changes with a galvo-
398 resonant scanning microscope (Scientifica) and a mode-locked Ti:sapphire laser (Mai Tai,
399 Spectra-Physics) at 920 nm through a Xx16 water immersion objective (0.8 NA, Nikon).
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400 Imaging frames of 512 x 512 pixels were acquired at 30 Hz in Scanimage 4.0. To obtain Ca*"
401 activity from all neurons in a cortical volume of approximately 365 x 365 x 80 um® at the depth
402 of 150-300 um below the pia, images were recorded at several cortical depths with a spacing
403 of 2.5 um. After functional imaging, multiple 3D-image stacks covering larger volumes
404 starting from the brain surface were acquired to assist image alignment.

405 Cell culture

406 HEK-293T cells were seeded into 96-well culture plates (PerkinElmer, 6055500) at 9x10°
407 cells/well and cultured in DMEM (Gibco, 11965118) with 10% FBS (Gibco, 10093). For
408 mouse brain microvascular endothelial cell line (BEND3; ATCC CRL-2299) and rat glioma
409 cell line (C6; ATCC CCL-107) culture, 1x10°cells were seeded in a confocal culture dish (BS-
410 15-GJM, Biosharp) coated with 100 pg/mL poly-D-lysine (Sigma, P0899) and maintained in
411 DMEM with 10% FBS. 1x10° human brain microvascular endothelial cell (HBMEC, ATCC
412 CRL-3245) were seeded in a confocal culture dish with DMEM containing 10% FBS, 2 mM
413 L-glutamine (Gibco, 25030081), 1 mM sodium pyruvate (Gibco, 11360070), 1x MEM
414 nonessential amino acids (Gibco, 11140050), 1XMEM amino acid solution (Gibco, 11130051),
415 IxMEM vitamins (Gibco, 11120052), and 1xpenicillin-streptomycin. The neocortex of mouse
416 embryos at E15-16 was dissected out and digested by 12.5 mg/mL trypsin (Gibco, 27250018)
417 into individual cells. The cells were washed twice in DMEM containing 0.001 U/uL. DNase I
418 (Takara, 2270A) and 5% FBS, then washed once by DMEM containing 5% FBS. Next, the
419 cells were seeded in a confocal culture dish coated with 100 pg/mL poly-D-lysine (Sigma,
420 P0899) at a density of 2x10° cells per dish. After 8 hours, the medium was replaced by
421 Neurobasal (Gibco, 21103049) which contains 1.25% FBS, 2% B-27 (Gibco, 17504044)
422 supplement, 0.5 mM L-glutamine (Gibco, 25030081), and 0.5% Penicillin-streptomycin
423 (Gibco, 15140163), and cultured for 7 days. All above cell lines were incubated at 37 °C, 5%
424 COa.

425 For in situ m6A methylation detection via MiP-Seq, commercially synthesized RNA with
426 m6A methylation (Sequence: GGAAAGGA(m6A)CUAAAAA) and the corresponding
427 unmethylated RNA were transfected into HEK-293T cells by lipofectamine 2000 (Invitrogen,
428 11668019), respectively. Three hours after transfection, cells were subjected to MiP-Seq.

429 To prepare cell samples, cells were quickly washed twice with PBS and fixed with 4%
430 paraformaldehyde (BOSTER, AR1069) for 10 mins at room temperature. After fixation, cells
431 were washed three times with PBSTR (PBS containing 0.1% Tween-20 (Promega,
432 0000395426), 0.1 U/uL RRI (Vazyme, R301-01)) at 5 min each time. The cells were then

433 added with methanol (Sigma, 34860) pre-cooled at -20°C and kept at -80°C for 15 mins. Finally,
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434 the cells were sealed by Secure-Seal hybridization chambers (Grace, 621505) for the following
435 MiP-Seq.

436 Brain slices and zebrafish brain preparation and pretreatment

437 Mice and rat brains were dissected out after perfusion with 4% PFA in PBS and post-fixed in
438 4% PFA for 12 hours at 4°C, then cryoprotected with 30% sucrose in PBS. After embedding
439 in OCT at -80°C, brain sections (8 pm or 10 um) were cut with a Leica cryostat. All brain slices
440 were stored at -80°C. Before MiP-Seq, brain slices were sealed by Secure-Seal hybridization
441 chambers and pretreated by fixation and permeabilization. Briefly, brain slices sealed by
442 Secure-Seal hybridization chambers were washed twice with pre-cooled DEPC-PBS and fixed
443 with 4% PFA for 10 mins, then washed three times with DEPC-PBSTR (PBS with 0.1%
444 Tween-20, 0.1 U/uL RRI) for 5 mins each time. Next, slices were added with pre-cooled
445 methanol and kept at -80°C for 15min. Further, slices were treated with 2 mg/ml pepsin (Sigma,
446 P0525000) in 0.1 M HCl at 37 °C for 90 s. After three times washing with DEPC-PBSTR, the
447 brain slices were ready for MiP-Seq.

448 Zebrafish brains were fixed with 4% PFA in PBS for 12 hours at 4°C and cryoprotected with
449 30% sucrose in PBS, then followed by two rinses with pre-cooled DEPC-PBS and dehydration
450 with a series of methanol (25% (vol/vol), 50% (vol/vol), 75% (vol/vol) methanol in PBS, and
451 100% methanol, 5 min in each). After that, zebrafish brain can be stored with 100% methanol
452 at -20°C for several months. Before MiP-Seq, zebrafish brains were rehydrated by a series of
453 methanol (75% (vol/vol), 50% (vol/vol), 25% (vol/vol) methanol in PBS, 5 min in each) and
454 washed three times with DEPC-PBSTR. Then, zebrafish brains were permeabilized with
455 proteinase K (20 mg/ml) (NEB, P8107S) at room temperature for 30min, followed by three
456 times washing with DEPC-PBSTR. Next, the brain was ready for MiP-Seq.

457 MiP-Seq probe design

458 Probes for MiP-Seq included the pair of padlock probes with RCA initiator primer probe for
459 target-dependent RCA, detection probes for RCA, and in situ sequencing probes. The probes
460 were designed as follows: (1) Use the self-developed probe searching program to screen the
461 target sequence; (2) Try to choose the exon close to the 5' end, and select 2 target sites for each
462 gene; (3) Both ends of the padlock probe are complementary to the target sequence (12-16 bp),
463 and the middle sequence is composed of a complementary sequence for anchor primer and a
464 barcode sequence; (4) The 5' end of the RCA initiator primer is complementary to the 3' end
465 of the targeting sequence (12-16 bp), and the 3' end is complementary to the padlock probe; (5)
466 The detection probe (cy3-p4) were used to test RCA efficiency; (6) The probes for in situ
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467 sequencing have consisted of three anchor primers (anchor-1, anchor-2, and anchor-3) and four
468 query probes (seq-1, seq-2, seq-3, and seq-4) conjugated respectively with Alexa Fluor 488,
469 Alexa Fluor 546, Alexa Fluor 594, and Alexa Fluor 647. All probe sequences are listed in Table
470 S1.

471 MiP-Seq for in situ RNA detection

472 Padlock probes were phosphorylated at 5' end with T4 Polynucleotide Kinase (Vazyme, N102-
473 01) before MiP-Seq. Our MiP-Seq mainly included six sequential steps: annealing of probes to
474 targets, ligation of padlock probes, rolling circle amplification, multiple rounds of sequencing
475 by ligation, imaging, and decoding. In detail, phosphorylated padlock probes (30 nM/probe)
476 and equimolar RCA initiator (30 nM/probe) in hybridization buffer (2X SSC (Sangon,
477 B548109) with 10% formamide (Sangon, A100606) and 20mM RVC (Beyotime, R0108))
478 were added to the hybridization chamber of cultured cell samples or pretreated brain slices and
479 incubated overnight at 37°C. After annealing of probes to RNA targets, samples were washed
480 twice with DEPC-PBSTR (0.1% Tween-20, 0.1 U/uL RRI in DEPC-PBS) for 20 mins each
481 time, followed by washing with 4X SSC in DEPC-PBSTR once. The ligase reaction mixture
482 (1 U/uL SplintR ligase (NEB, M0375L), 1X buffer, 0.2U/uL RRI) was then added to the
483 hybridization chamber for 2 hours incubation at 37°C. Following ligation, samples were
484 washed with DEPC-PBSTR twice for 20 mins each time and incubated with rolling circle
485 amplification reaction solution (1 U/uL Phi29 (Vazyme, N106-01), 1X RCA buffer, 0.25 uM
486 dNTP, 0.2 pg/uL. BSA, 5% Glyceryl) at 30°C for 2 hours. After double washing with DEPC-
487 PBSTR (20 min each time), the samples were ready for sequence by ligation or direct detection
488 by the fluorescent probe.

489 Next, sequencing mixture (0.2 U/uL. T4 DNA ligase (ThermoFisher Scientific, EL0012), 1X
490 T4 DNA ligase buffer, 1X BSA, 1 uM anchor primer, 1 uM query primer) was added to the
491 chamber for 2 h incubation at 25°C. The samples were then washed three times with 10%
492 formamide in 2X SSC for 5 mins each time, and counter-stained by DAPI. Samples were
493 immersed in imaging buffer (10% (w/v) glucose, 40 ug/mL catalase (Sigma C30), 0.5 mg/ml
494 glucose oxidase (Sigma G2133), 0.02 U/ul Murine RNase inhibitor, and 50 mM Tris-HCI pH
495 8 in 2X SSC) and imaged by Leica TCS SP8 confocal microscope with 60x water lens (NA
496 1.2). Channels of DAPI, Alexa Fluor 488, Alexa Fluor 546, Alexa Fluor 594, and Alexa Fluor
497 647 were scanned. After each round of imaging, signals were stripped by stripping buffer (60%
498 formamide in 2X SSC) twice at room temperature for 10 mins each. The sequencing mixture
499 for the next round of sequencing was then added to perform multiple round sequencing for high
500 throughput readout. Images were analyzed via self-developed multi-channel identification, 3D,
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501 multi-round proofreading process. Each channel signal was filtered, identified, and registered.
502 Each round of barcodes was registered, and the acquired signals were quality-controlled and
503 tested.

504 For single-gene quantitative detection, fluorescent probe CY3-P4 (100 nM in 2X SSC), which
505 is complementary to RCP, was added to the hybridization chamber and incubated for 4 hours
506 at 37°C. After three times washing with PBST (PBS with 0.1% Tween-20) for 5 mins each,
507 cell samples were imaged with Leica TCS SP8 confocal microscope with 60x water lens.
508 Images were analyzed by a self-developed pipeline of cell segmentation and counting process
509 for signal dots decoding, counting, and statistical distribution analysis.

510 MiP-Seq for in situ DNA detection

511 Cell samples were rinsed twice with PBS and dehydrated in a series of 70%, 80%, 90%, and
512 100% ethanol for 5 min each. The cells were washed in PBST twice for 2 min each time,
513 followed by incubation in 0.1M HCI for 5 min and two washes in PBST. To digest RNA, cell
514 samples were treated with 50 pl solution consisting of 2X SSC, 100 pg/ml RNase A (Thermo
515 Fisher, EN0531) for 2 h at 37 °C, and then washed three times in 2X SSC at room temperature
516 (2 mins each time).

517 To denature DNA, cell samples were incubated with 70% formamide in 2X SSC at 85°C for
518 10min, and then quickly transferred to a series of 70%, 80%, 90%, and 100% ethanol for 5
519 mins each. Samples were air-dried for 5 mins. After that, 100 nM padlock probe and 100 nM
520 initiator primer in hybridization solution (10% formamide in 2X SSC) were added to the
521 samples for overnight incubation at 37°C. After hybridization, samples were washed once with
522 25% formamide in 2X SSC and three times with PBST (2 mins each time) at room temperature.
523 The padlock probes on the DNA target were then ligated by 0.2 U/uLL T4 DNA ligase (Thermo
524 Fisher, EL0011) in 1X ligation buffer with 0.2 pg/uL BSA for 3 h at 16°C to form an RCA
525 template. After ligation, samples were rinsed in PBST three times at room temperature (2 mins
526 each time) and followed by RCA (1 U/uL Phi29, 1X Phi29 buffer, 0.25 uM dNTP, 0.2 pg/uL
527 BSA, 5% Glyceryl and 2 uM dUTP) at 30°C for 6 h. After washing in PBST twice, cells were
528 incubated with 100 nM of each corresponding detection probe in 2X SSC with 10% formamide
529 at 37 °C for 1 h, then immersed in the anti-quenching buffer for imaging.

530 Conjugation of nucleic acid to Antibody

531 Antibodies of GABA (Invitrogen, PA5-32241), Orexin (Cell Signaling Technology, 16743S),
532 Pol II (ABcam, ab5095), Flag (Proteintech, 66008-3-Ig), CSFV E2 (generous gift by Wuhan

533 Kegian Biological), and PCV2 Cap (generous gift by Wuhan Keqian Biological) were dialyzed
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534 in PBS with a 10 kd Slide-A-Lyzer mini dialysis tube (Thermo, 69570) overnight at 4°C, and
535 concentrated to 50-100 pL. by Amicon spin filters (Merck, MRCFORO030) at a concentration
536 higher than 1mg/ml. Then, ten times molar amount of NHS-PEG4-Azide (Thermo, 26130) was
537 added to the antibody solution and shaken for 2 hours at 4°C, followed by dialysis in PBS with
538 stirring on ice for 4 hours. After dialysis, the antibody was added with four times molar amount
539 of DBCO-modified oligonucleotide and incubated with shaking at 4°C for 12 hours. Finally,
540 Protein A/G magnetic beads were used (Yepsen, 36417ES03) to purify the antibody conjugated
541 with oligonucleotide.

542 Co-detection of protein and RNA by MiP-Seq

543 1x 10* cells/ml of PK-15 cells (generous gift by Wuhan Kegian Biological) seeded in a confocal
544 culture dish were simultaneously infected with PCV2 and CSFV at 10> TCID50. Cells were
545 treated with D-glucosamine at 37°C for 1 h, then cultured for 24 hours. Subsequently, the
546 supernatant was discarded and cells were fixed with 4% PFA in PBS for 10 mins at room
547 temperature, followed by the procedure of MiP-Seq.

548 Co-detection of four proteins during virus co-infection

549 A confocal culture dish was inoculated with 1x10* cells/ml PK-15 cells, and the AAV-IFNG-
550 flag plasmid was transfected into cells 8 hours after seeding, following the protocol of the
551 lipofectamine 2000 transfection kit (Invitrogen, 11668019). 8 hours after transfection, the cells
552 were infected with 10> TCID50 of PCV2 and CSFV for 12-24 hours. The cells were treated
553 with 300 mM D-glucosamine at 37°C for 1 hour and cultured for 24 hours. Then cells were
554 fixed with 4% PFA in PBS at room temperature for 10 mins for MiP-Seq.

555 Hyperspectral stimulated Raman scattering (SRS) imaging

556 The brain slices from 8-week-old C57BL/6 male mice with 50 um thickness were imaged by
557 hyperspectral SRS microscopy. Both pump and Stokes beams were set at 30 mW, and the pixel
558 set was 400 x 400 pixels with a dwell time of 10 us/pixel. For high-resolution imaging, a water
559 immersion objective (N.A. 1.2, UPLSAPO 60x W) was used. The pump and Stokes lasers were
560 set at 800 nm (40 mW) and 1040 nm (100 mW), respectively. The dwell time for NIR SRS
561 imaging was 10 ps/pixel, with a field of view of 250 x 250 pm? with 1600 x 1600 pixels.

562 Vasculature structures imaging

563 After MiP-Seq, the brain sections were incubated with 25 pg/ml DyLight 488 (A Ex 493 nm; A
564 Em 518 nm) Lycopersicon Esculentum Lectin (Vector Laboratories) at room temperature for
565 30 mins for blood vessels staining. Images were acquired using Leica TCS SP8 confocal
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566 microscopy with a 405 diode, Alexa Fluor 488, Alexa Fluor 594, and white light laser by 60x
567 water-immersed objective (NA 1.2).

568 Image registration

569 The pipeline for image registration was divided into three sequential steps. Firstly, images
570 along Z-axis (Z resize) were resized. The shape of the original image is (1024,1024,z;), where
571 z; 1s the z-axis length of the image of round i. To align images of different sequencing rounds,
572 all images from each round were interpolated to the same z-axis length: r?falx(zi) . The
573 skimage.transform.resize function from the scikit-image*? package was used for interpolation.
574 The image of the first round was selected as the reference cycle. The images from the second
575 and third rounds were aligned and transformed to the first cycle image. Before registration, the
576 white tophat function (from scikit-image, with parameters: structure element="ball”, size=1)
577 was used to improve the signal-to-noise of the images. The registration was performed by two
578 steps: (1) using z-axis projected and gaussian blurred (sigma=5) images as inputs to eliminate
579 the bias in a horizontal direction. (2) using the whole 3D images as inputs to eliminate the bias
580 in the 3D space. The SimpleElastix toolkit ** was used for registration. The ‘affine’ parameter
581 was used during the whole process.

582 Candidate spots calling

583 Firstly, the white tophat (parameter same to above) was used to improve the signal-to-noise of
584 the registered images. To balance the intensity of all channels, reference spots were identified
585 using the h_maxima function (from scikit-image). The h parameter was set to the 95% quantile
586 intensity of the corresponding channel. Then each channel with the mean image intensity at
587 these reference spots was scaled. The mean image of these normalized channel images was
588 used for further analysis. The h_maxima function was used for candidate spot calling. The h
589 parameter was set to the 95% quantile intensity of the mean image.

590 Decoding

591 The single channels were combined to analyze the intensity of the dual barcode spots. The
592 intensity of the combined channel (chl and ch2) is: l.p1 cpn2 = Sqrt(lepq * lepz). For each spot,
593 a 5x5x3 (x,y, z) cube was cropped around it. Then the cube was projected to get a 5x5 square
594 matrix. The max intensity point m; was identified in this matrix. The mean intensity of a 3x3
595 sub-matrix around the m; in all 3 rounds and 4 channels were calculated as the representative
596 value p;; (i < 3,j < 4).
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597 The candidate spots need to be filtered out when: (1) miin (m]_ax(pi ])> < lihreshold» Where
598 linresnoia 18 the threshold value of the intensity; (2) The spot is located on the border of the
599 image. For each round of images, let VS = {s;, 5,, 53, 5,} as the sorted representative value. In
600 Fig.2, the spot will be considered as the single-channel signal if s; > 2 * s,, otherwise be
601 treated as dual-channel merged signal. In Fig.S11, the signal-to-noise ratio for single-channel
602 (SNRsingte = Széﬁ) and dual-channel (SNRgoyupie = ::ZE) spots were calculated and
603 compared. If SNRgingie > SNRgoupies the spot will be recognized as single-channel signal,
604 otherwise as dual-channel signal. For each spot, all the codes from each round were combined
605 to generate their barcode. The gene can be deciphered by matching the barcode with the gene
606 codebook.

607 All detailed efficiency comparison data are listed in Table S2. And all processed
608 intermediate data are listed in Table S3.

609 Cell segmentation and genes assignment

610 Firstly, the images were projected along Z-axis to get 2D images. To highlight the boundary of
611 the cells, exposure adjustment of the images was performed using the adjust_sigmoid function
612 (from the scikit-image package, with parameters: cutoff=0.03, gain=100), followed by cell
613 segmentation using the cellpose software**. For the cells with segmentation difficulty by
614 cellposs, the labelme software was used to perform cell segmentation manually. When the
615 above steps are completed, all cell mask and position information are available. To assign gene
616 transcripts to cells, we calculated the Euclidean distance between g; and its nearest cell C; =
617 argmin; (Dl-j) for each gene g;. If D;; < Dthreshota and assigned g; to G, the g;’s position
618 was treated as a part of the pixel of C;. This process was repeated until there was no new
619 assignment occurred.

620 Image processing pipeline for low throughput MiP-Seq (when genes < 10)

621 Another pipeline was used for image processing when the gene number was less or equal to 10.
622 The image registration is not needed as there is only one imaging round. The candidate spots
623 were called on each channel’s image. Before spot calling, white tophat
624 (structure_element="ball”, size=1) function was applied for improving the signal-to-noise of
625 the balanced images. Then the h_maxima was used for spot calling. After that, all spots were
626 decoded according to Euclidean distance to its nearest neighbors’ spots and their channel
627 information. A spot was considered as the dual barcode spot when it contained two
628 fluorescence signals within a certain radius. The corresponding genes of the spots were
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629 identified according to their channel information and gene codebook. Finally, cell segmentation
630 and gene to cell assignment were performed using the same method as the high-throughput
631 pipeline.

632 Cell clustering and co-localization analysis

633 For cell clustering of HDB nuclei, the count matrix was calculated from the gene to cell
634 relationship after gene to cell assignment. The empty cell contains no genes are filtered out.
635 Then Leiden clustering was performed on the expression matrix, and parameter resolution=1
636 and resolution=0.6 were used to produce 11 and 6 cell clusters, respectively. The Leiden
637 function of the scanpy *° package was used here. The clustering result was visualized with the
638 uniform manifold approximation and projection (UMAP) embedding. UMAP-learn python
639 package was used here #°.

640 For cell clustering of PVN, we first screened microglia and oligodendrocytes by marker
641 genes before unbiased clustering as the number of them were too small to be clustered.
642 Subsequently, stLearn was used to perform QC (min_genes=5, min_cells=2), integration and
643 unbiased clustering (resolution=0.7) based on the expression matrices of the remaining cells,
644 resulting in total 7 cell clusters (including microglia and oligodendrocytes). The marker genes
645 of the 7 cell clusters were displayed by a heatmap. Merging clusters of the same type led to 5
646 major subpopulations ultimately, including astrocytes, neurons, AVP-neurons, endothelial
647 cells, and ependymal cells. We then extracted the processed expression matrices from stLearn
6438 and performed between-group differential analysis using Seurat (cut off pval<s 0.05 & |logFC|
649 = 0.3).

650 For gene co-localization analysis, the image was split into 20x20 chunks and the gene
651 occurrence were calculated in these chunks. Then the correlation between all gene pairs was
652 calculated using the scipy.stats.kendalltau function. To measure the proximity between
653 different cell-types, the adjacent network was constructed (FigS9A). In this network, one node
654 represents a cell, and the edge between two nodes means these two cells were adjacent in space.
655 Then the adjacent matrix of all cell-types was constructed by counting the edge numbers of
656 each node pair type.

657 Spatial gene co-expression, cell type interaction, ligand-receptor cell-cell communication,
658 and Pseudotimespace analysis

659 Giotto v1.0.4 6 was used for the spatial gene co-expression, cell-type interactions, and ligand-
660 receptor cell-cell communication analysis. In detail, the raw matrices were normalized and
661 adjusted with default parameters, and the previous classification results (scanpy, resolution=1)
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662 were imported. Next, a "Delaunay network" was created to calculate the cell neighborhood
663 distribution. On this basis, spatial gene co-expression patterns were then identified using
664 "binSpect" function. The analysis of cell-type interactions was performed with
665 "cellProximityEnrichment" function. After filtering the ligand-receptor gene-pairs with
666 Giotto's database, "spatCellCellcom" function was used to calculate the significant ligand-
667 receptor interactions (cut off p.adj < 0.05 & |log2fc|> 0.1 & lig nr>2 & rec_nr > 2).

668 StLearn v0.3.1 4 was applied to the analysis of spatial trajectory reference. Based on the spatial
669 information and previous broad clusters (scanpy, resolution=0.6), stLearn found 131 sub-
670 clusters (0-130) which were spread across two or more spatially separated locations.
671 The right bottom corner cells of cluster 0 were selected as the root. Then,
672 "st.spatial.trajectory.pseudotimespace global" function was used to reconstruct the global
673 level spatial trajectory. The figures were generated by Giotto and stlearn or redrew using R
674 packages igraph v1.2.6 *® and ggplot2 v3.3.5 %.
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Multi-omics in situ pairwise sequencing (MiP-Seq)
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Figure 1. Application of multi-omics in situ pairwise sequencing (MiP-Seq) for spatial
biomolecules profile.

(A) Diagram for the application of multi-omics in situ pairwise sequencing (MiP-Seq) in spatial
omics profiling. (B) Flow diagram of MiP-Seq for RNA in situ detection. I. The dual-barcode
primer (BP) and initiator primer (IP) are hybridized to the target RNA. II. BP and IP are
annealed to the target mRNA to form a padlock structure. III. BP is circulized by RNA
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827 dependent DNA ligase SplintR to form rolling-circle amplification (RCA) template. IV. RCA
828 of circled BP forms rolling-circle products. V. The dual-anchor primers are hybridized next to
829 the dual-barcode sequence. Subsequently, the barcode sequences are interrogated by
830 fluorescence labeled query probes through sequencing by ligation. VI. Ten dual-barcode
831 readout are decoded in each round of sequencing, and 10" codes can be interrogated after N
832 rounds. (C) Illustration of ten dual-barcodes interrogation according to merged florescence
833 signals from paired bases for each round sequencing. (D) Merged florescence signals for each
834 of ten dual-barcodes. (E) Example of dual-barcode sequence interrogation. The white boxed
835 dot showed the corresponding barcode reading for each of the three rounds. (F) In situ
836 sequencing for allele-specific gene expression of Fam171b, Hba-a2, Rpll5, and Rpsli1 in the
837 paraventricular nucleus (PVN) of hypothalamus of offspring mice from C57BL/6 male mice
838 crossed with BALB/c female mice. (G) The m6A methylated RNA and the unmethylated RNA
839 were transfected into HEK293T cells, which can be differentiated by MiP-Seq. Statistical
840 analysis of unmethylated and methylated RNA from 25 imaging fields (****P <0.0001). Scale

841 bars, 2 um in E, 50 pm in F, 25 pym in G.
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843 Fig2. A large-field of view, 3D reconstruction and whole mount spatial profiling of

844 multiple genes.

845 (A) Spatial transcriptomic mapping of ten genes (Calbl, Gadl, Plpl, Neurodl, Cck, Lamp5,
846 Ndnf, Pax2, Pcp4, Penk) in the whole sagittal section of mice brain. Rectangle region with
847 dashed line in cerebellum and hippocampus were enlarged for view in B and Fig.S5B,
848 respectively. (B)Left panels are the enlarged view of rectangle regions in A for ten genes
849 codetection in cerebellum. The gene expression patterns in cerebellum detected by MiP-Seq
850 are consistent with the results from Allen Institute of Brain Science (middle and right panels).
851 (C-E) Flow chart of 3D reconstruction of fluorescent images for multiplexed genes (Calbl,
852 Gadl, Neurodl, PlpI) detection in the whole cerebellum. 34 sagittal sections selected from the
853 whole cerebellum with 200 um interval were subjected to multiplexed genes detection by MiP-
854 Seq and imaging, followed by reconstruction. (F-G) 3D view of the expression and distribution
855 of foxgla, hoxb3 and gadlb genes detected by MiP-Seq in the whole mount of zebrafish
856 telencephalon. Scale bars, 1000 um in A, 300 um in B, 500 ym in E, 30pm in F and G.
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858 Figure 3. Spatial transcriptomic analysis of 100 genes in nucleus of the horizontal limb of
859 the diagonal band (HDB) by MiP-Seq.

860 (A) Spatial transcriptome of 100 genes in HDB detected by MiP-Seq. Transcripts for each gene
861 are pseudo colored. Areas marked with rectangle (I, II, IIT), which display characteristic spatial-
862 pattern for certain genes transcripts are illustrated separately on the right panel. (B) The spatial
863 distribution of hormone-related genes (green) and receptor-related genes (red). When the
864 counts of the corresponding gene in each cell is greater than 10, the whole cell is marked by
865 the color of the corresponding gene. (C) Heatmap of top spatial genes co-expression modules
866 with different colors. (D) Spatial distance analysis of different genes in HDB. High correlation
867 with the spatial co-expression between gene pairs of Snap25 and Scg?2. (E) The spatial distance
868 of gene pair (Snap25 and Scg?) to top 50 expressed genes listed in horizontal axis. (F) The
869 spatial distribution of six clustered cells in HDB. (G) Scatter diagram shows the spatial
870 trajectory inference between cluster 0 and cluster 2 or 4. Two lines and directions indicate
871 distinct differentiation trajectories. The number indicate the subclasses. (H) Visualization of in
872 situ spatial interaction of ligand and receptor among cells clusters. Lines indicate potential cell
873 pairs that have ligand-receptor interactions. Scale bar, 30 um in A.
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875 Figure 4. Detection of DNA, RNA, protein, and neurotransmitter by MiP-Seq.

876 (A) Schematic diagram of in situ co-detection for multiple genomic loci via MiP-Seq. (B) The
877 in situ detection of Rbfox3 and Nr4al gene loci located in different chromosomes of nuclei in
878 mouse brain slice by MiP-Seq. (C) In situ sequencing of Nptxr point mutation located in
879 different chromosomes in C6 cell. (D) Schematic diagram of simultaneous in situ detection of

880 multiple proteins and RNAs. (E-F) The mRNAs for eight cytokine or chemokine genes and
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881 two virus-specific proteins (E2 for CSFV and Cap for PCV2) in PK-15 cells co-infected by
882 PCV2 and CSFV were simultaneously detected by MiP-Seq. (G) Schematic diagram of in situ
883 detection of GABA neurotransmitter via MiP-Seq based on nucleic acid-conjugated antibody.
884 (H) Identical signals of GABA detected by MiP-Seq with oligonucleotide-conjugated
885 antibodies (Cy3 red fluorescence) to that by classic immunostaining (Alexa Fluor 488 green
886 fluorescence) were observed in the cortex region of mice brain. Scale bars, 2 um in B and C,
887 20 um in E, F and in left image of H, 60 pm in in right image of H.
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891 (A) Schematic diagram for the integrated in situ multi-omics of in vivo calcium imaging and
892 MiP-Seq to link the transient physiological status and in situ gene expression profile in mice
893 visual cortex. (B) in vivo calcium imaging in visual cortex (-270~-350 um depth). Cells marked
894 with circle were numbered (1 to 45) and subjected to in situ gene expression profile analysis
895 via MiP-Seq. (C) Co-detection of 10 marker genes transcripts in brain slice from the same mice
896 visual cortex corresponding to the calcium imaging area. (D) Correlation between gene
897 expression and calcium signal response in cells. (E) Hyperspectral stimulated Raman scattering
898 (SRS) of subfornical organ (SFO) on coronal sections (70 um thickness) of mice brain. Regions
899 with colored circles and numbers indicate distinct anatomical structure. (F) Ten cell-marker
900 genes were detected by MiP-Seq in adjacent brain section to E. (G) Average SRS spectra of
901 the three chemical species for regions in E. (H) Quantification of signals for ten marker genes
902 in regions circled in F by counting RCP number in each region. Scale bars, 50 um in B-C, 10
903 pm in D, 30 pm in E-F.

(O8]
AN


https://doi.org/10.1101/2023.01.07.523058
http://creativecommons.org/licenses/by-nc-nd/4.0/

904

905
906
907
908
909
910
911
912

913

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.07.523058; this version posted January 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC-ND 4.0 International license.

A
Round 1 image Round 2 image Crowded signal
(5)
g Merge ..Ogd
©© o000 o OE o :"'.‘
Seq primer 1 Seq pr\ Anchor primer |Round 1 O
0 ( \ () £
g H H i
o i .
o —_—m | Merge L
Gene 1 Gene2 Reference gene O
Seq prlmer 2 Seq primer 2 Anchor primer
o~
pe]
S / \ / \ Round 2
o
: —@ 58]
Gene 1 Gene 2 Reference gene
B
Round 1 Round 2

Decode by round 1 and round 2 merge

Seq-p1+Ap<;hor 4 Seq—92+Ar.1_g:_hoNr 2% Seq primer 1 Anchor primer Seq primer 2
T Gene T Reference gene ~ Gene 2
C :
TGT : Col1a1CT
Sle17a6: CC: Gad2: CC Tnf: @
Ccl2: Calcr:
R1&R2 merge Decode

Figure 6. Sequential dilution strategy for optical crowded signals resolving.

(A) Schematic diagram of sequential dilution strategy for optical crowded signals resolving.
Probing highly crowded signals of genes in single cells is diluted into multiple rounds. Fiducial
genes are interrogated by anchor primer which are sequenced in each round, while the rest of
genes are divided into multiple rounds and sequenced by different sets of sequencing primers.
Based on the registration of the fiducial gene signal, the signals of the rest of genes from
different sequencing rounds are reconstructed to realize crowded signals interrogation in single
cells. (B-D) Through two rounds of MiP-Seq in culture neurons from mouse cortex, mRNA
signals of Cxcl2, Agtrlb, Slc17a6 and Ccl2 (round 1), as well as 111b, Collal, Tnf and Calcr
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914 (round 2) were reconstructed based on registration of fiducial gene Gad2 and Gfap signals.
915 Scale bar, 20 um in low magnification of B, 2um in higher magnification of B and in D.

916
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Development of Multiomics in situ Pairwise Sequencing (MiP-Seq)
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Fig. S1. High fidelity and efficiency of RNA-dependent DNA ligase SplintR.

(A) Gel electrophoresis result for the detection of human wild-type ACTB transcripts
with wild-type probe (the sequence is fully complementary to the transcript) and mutant
probes (single unmatched base adjacent to the ligation point) by T4 and SplintR ligase
respectively. (B) In situ detection of ACTB mRNA in HBMEC cells using SplintR
ligase (left) and T4 ligase (right). Scale bar, 15 um in B.
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Fig. S2. Signal merging of paired bases during dual-barcode sequencing.

(A) Schematic diagram for paired-end sequencing. The upper and lower sequencing
primers are simultaneously ligated to the same mid-anchor primer to interpret double
bases of dual barcodes. (B) Schematic diagram for pairwise sequencing, in which two
sequencing primers are individually ligated to two separated anchors to realize double

bases interrogation. (C) In situ detection of UBC (G/C dual bases) and GAPDH (A/T
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dual bases) gene transcripts in HBMEC cells via paired-end sequencing. (D)
Consistence of fluorescent intensity curves for paired G/C bases and paired A/T bases
along the yellow straight line in image C, respectively. (E) The percentage of merged
signals for dual bases during paired-end sequencing. (F) In situ detection of UBC (C/T
dual bases) and GAPDH (A/T dual bases) gene transcripts in HBMEC cells via pairwise
sequencing. (G) Consistence of fluorescent intensity curves for paired C/T bases and
paired A/T bases along the yellow straight line in image F, respectively. (H) The
percentage of merged signals for dual bases during pairwise sequencing. Scale bars, 10

pm in C and F.
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Fig. S3. Comparison of detection efficiency between MiP-Seq and HCR 3.0.

(A-C) Detection of GAPDH mRNA in HBMEC cells by MiP-Seq with 2 probe pairs
(A), 8 probe pairs (B), and by HCR (3.0) with 20 probe pairs (C), respectively. (D-F)
Diagram of signal distribution in single cells for A-C. (G-I) Detection of MTOR mRNA
in HBMEC cells by MiP-Seq with 2 probe pairs (G), 8 probe pairs (H), and by HCR
(3.0) with 20 probe pairs (I), respectively. (J-L) Diagram of signal distribution in single

cells for G-1. Scale bars, 10 pym in A-C and G-I
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Fig. S4. In situ detection of gene expression in brain slices via MiP-Seq.

(A-B) The expression patterns of Cck, Penk, Crh, Oxt, Avp, Nov, Gadl, Npy, Cux2,
Rorb and Sst genes detected by MiP-Seq were comparable to that by conventional in
situ hybridization (from Allen Institute of Brain Science). (C) In situ co-detection of
ten genes (Kif5a, Snhgll, Tau, Gjal, Nr4al, Rbfox3, Dpfl, Map2, Thyl, and Eef2) in
mice brain slices based on dual-barcode sequencing. Different pseudo-colors indicate
the corresponding gene transcripts of ten genes, which display distinct subcellular
localization (Kif5a in cytoplasm; Snhgll in nucleus). The subcellular localization of
Kif5a, Snhgll, Tau, and Eef2 genes transcripts are presented in the lower panels
respectively. Scale bars, 50 um in left two panels of A, 1000 pm in right panel of A and
middle panel of B, 200 pm in left two panels and right two panels of B, 10 um in C.
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Fig. SS. In situ detection of gene transcripts with single-base variance via MiP-Seq.
(A) Detection of single-base variance in human and mouse B-actin gene transcripts in
cocultured HBMEC (human origin) cells and Bend3 (mouse origin) cells. Red and
green dot signals indicate human B-actin gene (4C7B) and mouse B-actin gene (Actb)
mRNA sequence, respectively. (B) The box plot of the average gene expression level
for Famli71b, Rpsil, Hba-a2, and Rpll15 alleles in PVN of the offspring mice from
C57BL/6 male mice crossed with BALB/c female mice detected by MiP-Seq (based on
the data from 4 fields of view). (C) In situ sequencing for allele-specific gene

expression of Faml71b, Rpll5, Hba-a2, and RpslI in hippocampus of the offspring
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mice from C57BL/6 male mice crossed with BALB/c female mice. (D) The box plot of
the average gene expression level for Faml71b, Rpsl1, Hba-a2, and Rpl115 alleles in
hippocampus of the offspring mice from C57BL/6 male mice crossed with BALB/c
female mice detected by MiP-Seq (based on the data from 5 fields of view). (E) In situ
co-detection of mutations for multiple genes (Enol, Nptxr, Sppl, Tnc, and Tubala) in
glioma area of rat brain from C6 glioma model. (F) The box plot shows the expression
levels of wild-type and mutant variances of multiple genes in rat brain of C6 glioma

model. Scale bars, 10 um in A, 20 pm in C, 30 pm in E.
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Fig. S6. Spatial profiling of multiple genes in mice brain at a large-field of view
and 3D reconstruction of the spatial profiling of specific marker genes in the whole
cerebellum.

(A) Expression of Plpl, Neurodl, Gadl, and Calbl in mice brain detected by MiP-Seq
is consistent with conventional in situ hybridization results from Allen Institute of Brain
Science. (B) The Left panel is the enlarged view of rectangle region in Fig.2A for ten

genes codetection in hippocampus. The gene expression patterns in hippocampus
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detected by MiP-Seq are consistent with the results from Allen Institute of Brain
Science (middle and right panels). (C) 3D view of Calbl, Gadl, Neurodl, and Plpl
gene expression in the whole cerebellum are illustrated, respectively. Scale bars, 1000

pm in A, 300 um in B, 500 pm in C.
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Fig. S7. Image processing pipeline for spatial transcriptome analysis by MiP-Seq.

(A) Diagram of image processing pipeline for spatial transcriptome analysis by MiP-
Seq. The raw images from multiple rounds sequencing are first matched to the first-
round image by affine transformations that allow rotation, translation, scaling, and
shear transformations. The candidate points are selected according to the aligned

images, and are decoded according to the intensity of each channel in each round at its
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location. The cell contour is calculated based on the aligned merged channel picture.
Finally, the decoded gene points are allocated to neighboring cells according to the
principle of proximity, and the expression profile corresponding to each cell is obtained.
(B) The image (i) before registration. Three rounds of the channel merged images are
represented in cyan, yellow, and magenta, respectively. (C) The image (ii) after
registration. (D) Image and candidate spots in a local area. (i) Gray scale image of the
combined channel images after alignment. (ii) Candidate spots are marked as white
points on the image. (iii) Decoded spots are marked as points with different colors. (E)
The cell mask is calculated from the cell morphology by cell pose. Different cells are
indicated by different colors. (F) The results of gene assignment in this field of view.
Different colored dots on the graph represent different genes. The red connecting line
represents the gene to the corresponding cell. Scale bars, 30 pm in left image of B and

C, 10 pm in right image of B and C, 10 pm in D, 30 uym in E and F.
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Fig. S8. Spatial transcriptomic analysis of 100 genes in HDB by MiP-Seq and gene
co-expression between cell clusters.

(A) 3D projection image for in situ detection of 100 genes mRNAs in the first
sequencing round by MiP-Seq in HDB. (B) The images of three round sequencing by

MiP-Seq. The signals lined by the rectangle box and circle are further illustrated in the


https://doi.org/10.1101/2023.01.07.523058
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.07.523058; this version posted January 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

middle and lower panel respectively. (C) The spatial distribution of neurotransmitter-
related and peptide hormone genes (blue) and their receptor genes (yellow). When the
counts of the corresponding gene in each cell is greater than 10, the whole cell is marked
by the color of the corresponding gene. (D) Spatial expression analysis of Hapl and
Pdgfra genes in HDB. (E) The spatial distance of Hap! (green curve) and Pdgfra (red
curve) gene to the top 50 expression genes. (F) Cells of HDB are clustered into 6 groups
(0-5) based on the expression profile of single cells detected by MiP-Seq. (G) UMAP
of featured genes expression in certain cell clusters and the corresponding spatial

expression pattern in HDB. Scale bars, 50 um in A, 10 pm in B.
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Fig. S9. Single-cell clustering analysis.

(A) Heatmap shows the expression level and identity of genes in 11 cell clusters
including astrocytes, oligodendrocytes, three excitatory neuron subclasses, and six
inhibitory neuron subclasses. (B) Violin plots of marker genes expression across 11

clusters.
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Fig. S10. Analysis of spatial interaction relationship among cell clusters.

(A) The spatial Delaunay network shows the physical distance between single cells. (B)

The histogram (left) shows spatially proximal interactions between cell type pairs. On
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the x-axis, positive/negative values indicate enrichment/depletion (the observed
frequency is higher/lower than the expected frequency). The histogram (right) shows
the number of interactions. Blue indicates interaction within the same cell type, and red
indicates interactions between different cell types. (C) Heatmap of spatial interaction
among 11 clusters in HDB. (D) Cell-type interactions among different clusters. Lines
connect to the cell population with spatial proximity enrichment. The thickness of the
line indicates the strength of the interaction. Node size is positively correlated with the
number of cell population pairs. (E) Spatial interaction of ligand and receptor among
cells clusters. log2FC indicates the degree to which the expression level of the selected

ligand-receptor pair is higher/lower than the expected level (log2(LR_expr/rand _expr)).
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Fig. S11. Spatial transcriptomic alteration of PVN wupon Mycobacterium

tuberculosis (M.tb) infection.

(A) Detection of 217 genes including cell markers, hormones, receptors, as well as
immune related genes in mice PVN upon Mycobacterium tuberculosis (M.tb) infection
and saline control treatment by MiP-Seq. (B) Expression of Ly6h and Gpri65 were up-
regulated while Clgb and Pgm2l1 were down-regulated in response to M.tb infection.
(C) Heatmap of the expression of cell marker genes. (D) Differentially expressed genes

in endothelial cells, astrocytes, microglia, and neurons. Genes with significantly

changes (P value =<0.05 and log(fold change) =0.3) were labeled in green. Scale bars,

100 um in DAPI images of A, 10 um in multiplexed genes detection image of A and in
B.


https://doi.org/10.1101/2023.01.07.523058
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.07.523058; this version posted January 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

L)

Fig. S12. In situ detection of multiple genomic loci via MiP-Seq.

(A) The remaining data for co-detection of Rbfox3 and Nr4al genes in mice tissue by
MiP-Seq. Different cells are numbered. The data for #1 cell are shown in Fig.4B. (B)
More images for in situ sequencing of Nptxr point mutation located in different
chromosomes in C6 cell. Different cells are numbered. The data for #1 cell are shown

in Fig.4C. Scale bars, 2 um in A and B.
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Fig. S13. Higher sensitivity of protein detection via MiP-Seq in comparison to

classic immunostaining.

(A, D, G) Detection of RNA polymerase II (Pol II) protein in PK-15 cells via MiP-Seq
at different dilution of primary antibody conjugated with nucleic acid. Strong signal for
Pol II can be visualized, and clear dot signal can be observed under 10000 X dilution
of primary antibody. (B, E, H) Detection of Pol II protein via classic immunostaining
at different dilution of primary antibody. Positive signals were observed under 100 X
dilution of primary antibody. After higher dilution, positive signal was hardly detected.
(C, F, I) Merged images. Insets indicate higher magnification images. Scale bars, 50

um for lower magnification, 10 um for higher magnification.
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Fig. S14. In situ detection of neuropeptide and multiple proteins via MiP-Seq.

(A) Identical signals for neuropeptide orexin detected by MiP-Seq (Cy3 red
fluorescence) and classic immunostaining (Alexa fluor 488 green fluorescence) were
observed in lateral hypothalamus (LH) region of mice brain. For orexin detection by
MiP-Seq, the targeting oligonucleotides was conjugated with secondary antibody. (B)
In situ co-detection of four proteins (E2 of CSFV, Cap of PCV2, flag for IFNG, and
Pol II) conjugated with distinct DNA oligonucleotides via MiP-Seq. Scale bar, 50 um

in A, 20 um in B.
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Fig. S15. Simultaneous detection of cytokine/chemokine mRNAs and virus
proteins via MiP-Seq.

(A) Co-detection of mRNAs for eight cytokine/chemokine genes and virus proteins in
PK-15 cells infected with PCV2. No CSFV protein but Cap protein for PCV2 was
detected under PCV2 infection. Merged image was presented in higher magnification.
(B) Co-detection of eight cytokine/chemokine mRNAs and two virus proteins in control
PK-15 cells without virus infection. Merged image was presented in higher
magnification. (C) Signals for eight cytokine/chemokine mRNAs detected by MiP-Seq
were quantified by counting signal dot number in each PK-15 cell for PCV2/CSFV co-

infection, PCV2 infection, and non-infection control, respectively. (D) Statistic analysis
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on differential expression level of eight cytokine/chemokine genes between
PCV2/CSFV co-infection and non-infection control, or between PCV2 infection and
non-infection control, respectively. Data was presented as mean + SEM; **P<0.01,

*#%P<0.001. Scale bars, 20 um in A and B.
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Fig. S16. In situ analysis of the expression profiles of ten marker genes by MiP-
Seq in calcium imaging area of mice V1 cortex.

(A) Serial images of in vivo calcium imaging along 270~350 pm depth of mice V1
cortex. (B) The expression profile of different marker genes including excitatory neuron

marker genes (Slc/7a7 and Cux2), inhibitory neuron marker genes (Gad!l and Npy), as
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well as microglia (Fcerlg) and astrocyte (Ntsr2) marker genes in calcium imaging area.
(C) Quantification of signals for ten marker genes in 45 cells of calcium imaging
regions by counting RCP number. (D) Correlation between gene expression profile and
calcium signal response in cell 33# and 36#. Circles in A and B indicate cells for
analysis of both transcriptomic profile and calcium dynamics, of which red circled cells
were further provided with calcium dynamics curve. Scale bars, 50um in A and B, 10

pm in D.
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Fig. S17. Integrated analysis of Raman spectroscopy imaging and marker genes
expression profile detected by MiP-Seq.

(A) The hyperspectral SRS of nuclei, nucleoli and fiber bundles image stack of cells in
SFO. (B) The corresponding SRS spectra for a myelin sheath, nucleus, and nucleolus
acquired in the relevant colored area indicated in (A). (C) Correlation between Mag
and Gad2 gene expression and certain chemical fingerprint regions (blue and red color
region). (D) Correlation between Ccdcl53 and Gadl expression and certain chemical
fingerprint regions (yellow and orange color regions). Scale bars, 30 um in low

magnification of A, 2 um in higher magnification of A, 30 pm in C and D.
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Fig. S18. Simultaneous visualization of vasculature structure and gene expression.

The blood vessels (red pseudocolor) stained by DyLight 488 Lycopersicon Esculentum
Lectin and Gadl mRNA (green pseudocolor) detected by MiP-Seq in arcuate nuclei of
mice brain were simultaneously visualized together with DAPI counterstaining. Scale

bar, 50 um.
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Detection of protein by aptamer

A

Fig. S19. Aptamer based in situ detection of protein and biomolecule.
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