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            Abstract
Single-molecule spatial transcriptomics protocols based on in situ sequencing or multiplexed RNA fluorescent hybridization can reveal detailed tissue organization. However, distinguishing the boundaries of individual cells in such data is challenging and can hamper downstream analysis. Current methods generally approximate cells positions using nuclei stains. We describe a segmentation method, Baysor, that optimizes two-dimensional (2D) or three-dimensional (3D) cell boundaries considering joint likelihood of transcriptional composition and cell morphology. While Baysor can take into account segmentation based on co-stains, it can also perform segmentation based on the detected transcripts alone. To evaluate performance, we extend multiplexed error-robust fluorescence in situ hybridization (MERFISH) to incorporate immunostaining of cell boundaries. Using this and other benchmarks, we show that Baysor segmentation can, in some cases, nearly double the number of cells compared to existing tools while reducing segmentation artifacts. We demonstrate that Baysor performs well on data acquired using five different protocols, making it a useful general tool for analysis of imaging-based spatial transcriptomics.
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                    Fig. 1: Segmentation-free analysis of spatial data using NCVs.[image: ]


Fig. 2: Application of an MRF framework for segmentation-free cell-type inference and background filtration.[image: ]


Fig. 3: Examples of Baysor cell segmentation over the published protocols.[image: ]


Fig. 4: Comparison of Baysor segmentation with other methods and published results.[image: ]


Fig. 5: Examples of the segmentation differences on the osmFISH data.[image: ]


Fig. 6: Comparing Baysor segmentation to MERFISH measurements with stained cell boundaries in the mouse ileum.[image: ]
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                Data availability

              
              The following datasets were used in evaluating the developed methods:

              1. osmFISH mouse somatosensory cortex8, 35 genes: http://linnarssonlab.org/osmFISH/availability/.

              2. MERFISH mouse preoptic hypothalamus19, 140 genes: https://doi.org/10.5061/dryad.8t8s248.

              3. ISS mouse CA1 region16, 95 genes: https://doi.org/10.6084/m9.figshare.7150760.v1.

              4. STARmap mouse VISp18, 1,020 genes: https://www.starmapresources.com/data/ (visual_1020, 20180505_BY3_1kgenes).

              5. STARmap mouse VISp18, 160 genes: https://www.starmapresources.com/data/ (visual_160, 20171120_BF4_light).

              6. seqFISH+ NIH/3T3 cells7, 10,000 genes: https://doi.org/10.5281/zenodo.2669683.

              7. seqFISH mouse embryo45, 387 genes: https://marionilab.cruk.cam.ac.uk/SpatialMouseAtlas/.

              8. Allen smFISH mouse VISp, 22 genes: https://github.com/spacetx-spacejam/data.

              9. MERFISH mouse ileum, 241 genes: https://doi.org/10.5061/dryad.jm63xsjb2.

            

Code availability

              
              The Baysor package is available at https://github.com/kharchenkolab/Baysor. Baysor parameters for different datasets are reported in Supplementary Table 3. The code to reproduce the results is available at https://github.com/kharchenkolab/BaysorAnalysis/. This repository also contains the links to interactive visualization of the processed datasets using the Vitessce tool (http://vitessce.io/). MERFISH probe design and analysis software is available at https://github.com/ZhuangLab/MERFISH_analysis.
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Extended data

Extended Data Fig. 1 Graphical models of the segmentation process.
Graphical representations of the Bayesian models used for the general Markov-Random Field (MRF) segmentation process (a) and the extended model for cell segmentation (b) are shown. Blue squares represent input parameters and data for the algorithm. The yellow circles represent the hidden parameters, fitted by the algorithm. Optional input and parameters are shown with dashed border lines. Round-corner boxes represent plate notation for a mixture of distributions with the size of the mixture shown on the bottom right corner. Nmols denotes the number of molecules in the dataset, and Ncomps is the specified number of the mixture components. Arrow labels show the distributions used to model dependencies between the corresponding variables. Matrix variables are shown with the capital letters and vector variables are designated with the overline. a, The general MRF model, where the MRF prior with weights W is used to account for the spatial dependency of the inferred labels \(\overrightarrow{z}\in 1:{N}^{comps}\). Examples of the variables and distributions for different labelling problems are noted below the boxes. b, The detailed model for the Cell Segmentation problem. Here, Bayesian Mixture Models with Dirichlet prior were used, so the possible number of components of the mixture is infinite, which allows the algorithm to estimate the number of components automatically. To ensure that the components correspond to the actual cells, the Global Scale parameter s was introduced, which specifies the expected cell radius.


Extended Data Fig. 2 Comparison of Baysor, pciSeq, and DAPI Watershed segmentations based on poly(A) signal.
a, Number of cells in different segmentations. b, Distribution of poly(A) brightness (x-axis) across background molecules (that is, molecules outside of the predicted segmentations) for different segmentations (color). Baysor shows the lowest number of transcripts in bright poly(A) regions, while Watershed has the heaviest tail. c, Number of cells overlapping with the segmented poly(A) regions is shown as a distribution for different segmentation methods. Baysor shows highest frequency of one-to-one mapping with poly(A) segmentations. d, Mutual information (y-axis) of molecule assignment with poly(A) segmentation is shown for different segmentation methods. To account for local variation we split the data over 7x7 grid and showed mean and 95% CI, as well as individual values for nâ€‰=â€‰49 sub-regions. e, Size of the overlap for a best-matching cell in the poly(A) segmentation, normalized to the total size (in molecules) of the best-matching poly(A) cell is shown as a distribution for different segmentation methods. Peak near 1.0 indicates that many poly-A cells are fully covered by the best-matching target cells reported by a segmentation method. f, Similar to (e), the size of the overlap with best-matching poly(A) cells is shown as a fraction of the target cell size for different target segmentation methods. Peak near 1.0 indicates that many reported target cells are fully covered by the best-matching poly(A) cell. g-k, Examples borders of Baysor (purple) and Watershed (blue) segmentations are shown. The left plots show poly(A) signal, while the right plots show molecules colored based on local expression patterns (NCVs). While in most cases there is a good correspondence between the two modalities (g-i), in some cases molecular composition clearly indicates presence of distinct cells which are not easily separated from the poly(A) signal intensity (j,k).


Extended Data Fig. 3 Impact of the â€˜prior segmentation confidenceâ€™ parameter on the difference between the prior and the posterior segmentations on the example of ISS CA1 region.
a, The Mutual Information between the Baysor and the Paper (published) segmentations (y-axis) is shown as a function of the prior segmentation confidence (x-axis). Mutual Information does not reach the value of 1.0, as even for prior confidence set to 1.0, Baysor is still allowed to re-assign molecules, recognised as background in the Paper segmentation. b, For each cell of the source segmentation (shown with colour), a cell with the largest overlap was picked from the target segmentation. The overlap fraction is shown on the y-axis for the different values of prior segmentation confidence. The boxes represent distribution quartiles with the maximal length of whiskers equal to 1.5 of the inter-quartile range. It can be seen that for high values of the prior confidence, for each Paper cell there is a Baysor cell that covers it completely (confidence â‰¥0.9, Source=Paper). The opposite is not true, as Baysor is allowed to re-assign the background molecules from the Paper segmentation.


Extended Data Fig. 4 Cell statistics for different segmentation methods.
The boxplots show distributions of the number of molecules per cell (a, log-scale y-axis) and the squared root of the cell area, which is an approximation for cell radii (b) for different protocols (x-axis) and segmentation methods (fill colours). The boxes represent quartiles with the maximal length of whiskers equal to 1.5 of the inter-quartile range. For all datasets, Baysor has approximately the same values as the published segmentations, which suggests that it is not biased towards over- or under-segmentation. The Watershed and pciSeq methods stably shows lower values, consistent with registering mostly nuclei molecules.


Extended Data Fig. 5 Comparison of the Baysor and the published segmentation on the MERFISH Hypothalamus dataset.
The figure shows the comparison in the same format as Fig. 5. a, A joint UMAP embedding of the cells from both Baysor and the paper segmentations. The colors correspond to the annotated cell types. b, The same embedding, colored by the segmentation that produced a specific cell. c, A heatmap showing expression patterns of marker genes (columns) for the different cell types (rows). The colors show expression levels, normalised for each gene. d, The frequency of different cell types is shown for the Baysor (brown bars) and the paper (blue bars) segmentations. The numbers on the top of the bars show excess percentage for Baysor. The largest difference is observed for Endothelial cells, where the Paper segmentation has 42% fewer cells compared to Baysor. e-f. Examples of Astrocytes (e) and Endothelial (f), which were not segmented by the Paper annotation, but were distinguished by Baysor. The dots correspond to the measured molecules, colored by gene (only three the most abundant genes are shown). The grayscale background shows the DAPI signal, and the black contours show the determined cell boundary. g. Example of a region with Ependymal cells, showing that for such regions molecules have homogeneous expression patterns. This results in Baysor slightly under-segmenting such cells, which causes the difference in the number of detected cells.


Extended Data Fig. 6 Comparison of cell clusters in the MERFISH mouse ileum dataset recovered from different segmentation methods.
a,b,c, Leiden clusters, cell type spatial distributions, and marker gene expressions in the Na+K+-ATPase immunofluorescence (IF) MERFISH mouse ileum dataset, where cells are segmented by (a) Baysor with RNA information only, (b) Baysor with priors provided by Cellpose-derived IF boundaries, (c) Cellpose-derived IF boundaries. Left: UMAP of all identified cells colored based on Leiden clustering. Middle: Spatial distributions of all identified cell clusters colored as in the UMAP. Right: Expressions of marker genes in each of the identified cell clusters. The size of the dots represents the fraction of cells with at least one count of the indicated gene. The color of the dots represents the average expression of each gene across all cell types, log-transformed, and normalized to the cell type with the largest expression. DC: dendritic cells; ICC: interstitial cells of Cajal; TA: transit amplifying cells. d, The numbers of each cell type identified by each of the segmentation methods in a-c.


Extended Data Fig. 7 Spatial distributions of all cell types identified by Baysor (with RNA information only).
Gray dots represent the location of all cells, and colored dots represent the location of the indicated cell type. DC: dendritic cells; ICC: interstitial cells of Cajal; TA: transit amplifying cells.


Extended Data Fig. 8 Additional benchmarks against MERFISH membrane staining data.
a, Similar to Fig. 6i of the main manuscript, the distribution shows overlap of different segmentations with membrane IF segmentation. Baysor+DAPI and Baysor+IF correspond to Baysor ran with DAPI and IF segmentations as priors, respectively. b, Size of the overlap of different target segmentations with IF segments is shown relative to the size of the predicted cell in the target segmentation. c, Distribution of the number of target cells matching to cells of the membrane IF segmentation is shown for different segmentation results. d, Number of cells recovered by different segmentation methods e-f number of molecules (e) and area (f) per cell, reported by different segmentation methods. The boxes represent distribution quartiles with the maximal length of whiskers equal to 1.5 of the inter-quartile range. g, Agreement between different segmentations and membrane IF segmentation is assessed using mutual information across molecules for nâ€‰=â€‰5 central z-planes. The average and 95% confidence intervals across z-planes, as well as dots for individual values are shown. Only molecules assigned to some cell in any of the methods are used.


Extended Data Fig. 9 Outstanding challenges: intracellular compartmentalization and homotypic cells.
a, An example of intracellular compartmentalization, illustrated by polarized expression pattern of enterocytes in the mouse ileum, as captured by MERFISH. RNAs are colored by NCV. b, Example of a homotypic cell cluster from the mouse ileum. Three panels show the same region with membrane IF signal. The left panel shows NCV molecule coloring, whereas center and right panels color molecules assigned to each cell differently. Red arrows point at homotypic cells that Baysor was only able to segment with the help of IF prior.


Extended Data Fig. 10 Outstanding segmentation challenges.
a, Seq-FISH+ Fibroblast7 data colored by NCVs with black contours showing the published segmentation borders. b, The same data, segmented by Baysor with colors showing cell assignment. c, Example of cells which are separable only in 3D in the Allen smFISH data. The two plots show 2D projections on the physical x-y and x-z axes correspondingly. Each point represents a molecule, coloured by its gene of origin. Gad2 and Pvalb are markers of inhibitory neurons, while Sv2c with Satb2 are markers of excitatory neurons. These markers are mutually exclusive, and there should be no cell that expresses all four of these markers. d-e, Seq-FISH mouse embryo45 data colored by cell type published cell assignment (d) and the Baysor cell segmentation (e) with black contours showing the published segmentation borders. It can be seen that the dataset captures cytoplasm-specific genes, lacking nuclei expression, which leads to the holes in the middle of cells. f, Example of a cell from the STARmap VISp 160 dataset18. The black lines show the published cell boundaries. The plot shows colouring by gene for the 15 most expressed genes.
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