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            Abstract
Recent methods for spatial imaging of tissue samples can identify up to ~100 individual proteins1,2,3 or RNAs4,5,6,7,8,9,10 at single-cell resolution. However, the number of proteins or genes that can be studied in these approaches is limited by long imaging times. Here we introduce Composite In Situ Imaging (CISI), a method that leverages structure in gene expression across both cells and tissues to limit the number of imaging cycles needed to obtain spatially resolved gene expression maps. CISI defines gene modules that can be detected using composite measurements from imaging probes for subsets of genes. The data are then decompressed to recover expression values for individual genes. CISI further reduces imaging time by not relying on spot-level resolution, enabling lower magnification acquisition, and is overall about 500-fold more efficient than current methods. Applying CISI to 12 mouse brain sections, we accurately recovered the spatial abundance of 37 individual genes from 11 composite measurements covering 180â€‰mm2 and 476,276 cells.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more


Subscribe to this journal
Receive 12 print issues and online access
$209.00 per year
only $17.42 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: CISI.[image: ]


Fig. 2: CISI recovers accurate spatial expression patterns from composite experiments.[image: ]


Fig. 3: CISI analysis of 12 bisected coronal brain sections efficiently recovers cell type, state and diverse spatial patterns.[image: ]
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                Data availability

              
              We used publicly available snRNA-seq datasets released by BICCN (U19 Huang generated by the Regev lab; http://data.nemoarchive.org/biccn/grant/huang/macosko_regev/transcriptome/sncell/) and full-length scRNA-seq (the Allen Institute Mouse Whole Cortex and Hippocampus SMART-seq (RRID:SCR_019013)). Raw image data from the large validation study are available for download at the Brain Image Library: https://download.brainimagelibrary.org/49/77/49777378713bb584/.

            

Code availability

              
              An online repository of code used in this study can be found at https://github.com/cleary-lab/CISI. Please see the accompanying Life Sciences Reporting Summary for additional information.
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Extended data

Extended Data Fig. 1 Marker gene expression in snRNA-seq clusters.
For each of 37 genes, shown is the distribution of expression (individual violin plots; y-axis) in each of 23 snRNA-Seq clusters (x axis). Marker genes for similar cell types are grouped together with the cell type labeled on top.


Extended Data Fig. 2 Analysis of modular factorization based on gene and module diversity.
Pearson correlation (y-axis) between the original expression levels of 37 genes in each cell and those approximated in those cells by Sparse Module Activity Factorization (SMAF). Contour plots depict the density of cells at each level of correlation with either a given number of genes expressed (a; x-axis) or a given number of gene modules by SMAF decomposition (b; x-axis).


Extended Data Fig. 3 Evaluation of performance of simulated compositions.
Distribution of Pearson correlation between the original and recovered expression levels of 37 genes in each cell (y axis) across simulation trials for different numbers of composite measurements (a), or for different measurement densities, set by the maximum number of measurements in which each gene was included (b). In (a) the maximum compositions per gene is 3, and in (b) the number of compositions is 10. Mini boxplots depict median (center dots), inner quartiles (upper and lower bounds of box for 25th and 75th percentile), and 1.5x quartile range (minima and maxima of whiskers).


Extended Data Fig. 4 Autoencoder based decompression successfully recovers accurate spatial patterns of individual genes compared to direct measurement on the same section.
RNA images recovered by decompression with the segmentation free algorithm (magenta) and directly measured (green) in the same tissue section. White: images overlap exactly. Genes are grouped based on the section in which their direct measurements were made. Insets for all genes in a section show the same region, or an adjacent region if no cells for a given gene were present. Scale bar: 500um. Representative fields of view in each tissue section were chosen such that every gene validated in a tissue section could be visualized in the same region, while quantification of overlap (correlation) was calculated using all cells in a given tissue section, or using randomly selected testing cells (where indicated).


Extended Data Fig. 5 Comparison of autoencoding and segmentation-based decompression.
Individual gene images recovered (magenta) using the autoencoding algorithm (left) or the segmentation based algorithm (right) are overlaid with direct measurement (green) of the genes in the same tissue sections (white: direct overlap). For segmentation-based decompression, the decompressed signal for each gene is projected uniformly over each segmentation mask. Scale bar: 500um. Representative fields of view were selected to highlight expression of indicated genes, while quantification of overlap (correlation) was calculated using all cells in a given tissue section, or using randomly selected testing cells (where indicated).


Extended Data Fig. 6 Evaluation of recovered signals before and after co-measurement adjustment.
a,b, Adjustment improves recovered signals. Integrated signal intensity for each gene in each cell (individual dots) from direct measurements (x axis) and from estimates recovered by the autoencoder decompressed images (y axis) either before (a) and after (b) co-measurement correction. c, Example correction. Segmented cell intensities before (left) and after (right) correction for two co-measured genes (Hmha1 and Slc17a7) that were not correlated in snRNA-Seq.


Extended Data Fig. 7 Evaluation based on genes per cell and cell clusters.
a, Distribution of expression diversity (effective number of genes expressed per cell out of 37 total; y axis) in snRNA-Seq, or based on recovered expression levels using autoencoding or segmentation-based decompression (x axis). Mini boxplots depict median (center dots), inner quartiles (upper and lower bounds of box for 25th and 75th percentile), and 1.5x quartile range (minima and maxima of whiskers). b, Correspondence (Pearsonâ€™s correlation of mean gene expression; color bar) between cell clusters from snRNA-Seq (rows) and those found from post hoc segmentation of images recovered using the autoencoding algorithm (columns). One marker gene for each cluster is indicated.


Extended Data Fig. 8 CISI recapitulates clusters and conditional probabilities from scRNA-Seq.
a,b, Consistent identification of cell type specific gene programs in scRNA-Seq and CISI. The correlation coefficient (colorbar) between pairs of genes (row and column labels) in scRNA-Seq (a) and decompressed CISI measurements (b). Rows and columns are clustered. Gene clusters of cell type specific markers are labeled by the respective cell type. c,d, Consistent cell type expression patterns for IEGs in scRNA-Seq is CISI. Conditional probability (colorbars) of IEGs (columns) in cells that express a given gene (rows) in scRNA-Seq (c) and decompressed CISI (d) data.


Extended Data Fig. 9 Gene-level correlation with validation measurements.
For each gene (individual dots) validated in each tissue (colors) the correlation across all segmented cells (y-axis) between values recovered by CISI and directly measured values is plotted vs the average expression level (TPM) in cells expressing the gene in scRNA-Seq (x-axis, left), or the percentage of cells expressing the gene (x-axis, right). Individual data points labeled by gene are provided in Supplementary Table 10.
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