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Figure 3: Comparison between co-occurrence clusters and Seurat clusters on PBMC data. (a) In
the confusion heatmap, each column was colored by the percentages of cells in one co-occurrence
cluster that belonged to each of the Seurat clusters. The integer values in parentheses represented the
number of cells. (b) tSNE was applied to the percentage detection of gene pathways, embedding the
cells according to the pathway activity space. Cells were colored by the clustering results from Seurat

and co-occurrence clustering.

results. Since both algorithms had tuning parameters that affected the number of resulting clusters,
the difference in the number of clusters was not indicative. However,the general agreement between
the two clustering results was striking, and suggested that in terms of defining cell types, the binary
dropout patterns of the data was as informative as the quantitative expression of highly variable genes.

In the analyses of this dataset, the number of highly variable genes defined by Seurat was 1838,
and the 13 gene pathways identified by co-occurrence clustering contained a total of 1546 genes. The
overlap was 359. Many highly variable genes were not included in the co-occurrence gene pathways
mainly because co-occurrence clustering used binarized data. For the genes whose expression were
quantitative informative in defining cell types, their binary dropout patterns might not be informative.
In contrast, co-occurrence clustering utilized many genes that were not highly variable.

Using the 13 gene pathways defined by co-occurrence clustering, the percentages of detected genes
of the gene pathways were calculated for each cell, which led to a representation of cells in the pathway
activity space. In Figure 3(b), tSNE was applied to visualize the cells in the pathway activity space,
with the clustering results overlaid by color. In the tSNE visualization, the major cell types were
separated, which again showed that the binarized data contained information for delineating the

major cell types in PBMC.
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Figure 4: Relationship between percentage of detection and quantitative gene expression. Each panel
visualizes the cells according to one co-occurrence gene pathway. The horizontal axis is the percentage
of genes detected in the pathway, and the vertical axis is the average log-transformed counts for the

detected genes in the pathway. Cells are colored by the co-occurrence clusters.

In addition to the percentages of detection, the activities of gene pathways can also be quantified
by the average expression level of the detected genes. In Figure 4, these two metrics were compared for
all the 13 co-occurrence gene pathways identified from this PBMC dataset. The five gene pathways in
the top row of Figure 4 showed strong positive correlations, meaning that the percentage of detection
and the detected expression level of these five pathways provided similar information. However, for the
remaining pathways, percentage of detection and average expression level were less correlated. In the
middle row of Figure 4, the colors showed that some of the co-occurrence cell clusters were separated
according to percentage of detection, but had overlapping expression levels. This observation suggested
that the percentage of detection provided additional information complementary to the detected gene

expression level.

Co-occurrence clustering applied to mouse inner ear sensory epithelia

The co-occurrence clustering algorithm was further tested on an scRNA-seq dataset on the cellular
complexity in the mouse inner ear sensory epithelia, which contained hair cells (HCs) and supporting
cells (SCs) organized in exquisite mosaic patterns to perform sensory functions, transitional epithelial
cells (TECs) located at the border between sensory and non-sensory regions, as well as non-sensory

cells (NSCs) [34]. The data was generated with SMART-seq2, and provided gene expression counts
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Figure 5: Co-occurrence clustering applied to binarized scRNA-seq data of mouse inner ear sensory

epithelia.

for 26,585 genes across 321 single cells, where the percentage of zero counts was 77%.

Figure 5 showed the iterative process of co-occurrence clustering applied to this dataset. Each
iteration identified 1 ~ 5 gene pathways that contained significantly co-detected genes with respect to
the set of cells under consideration. The bottom heatmap for each iteration showed clear distinction
among the cell clusters identified in the iteration, and hence, provided strong evidence to support the
co-occurrence clusters. Figure 6(a) showed the comparison between the co-occurrence clusters and
the experimentally defined cell types in this dataset. Co-occurrence clustering produced a total of
10 clusters, which separated the four experimentally defined cell types (HC, SC, TEC and NSC) and
identified potential cell subtypes. For example, the SCs were divided into five co-occurrence clusters
(5, 8, 9, 11, 15), which were well-separated in the tSNE visualization of the pathway activity space
shown in Figure 6(b).

Similar to the previous analysis of the PBMC dataset, the gene pathways in the initial iteration

contained relatively large numbers of genes, and the size of gene pathways decreased as the algorithm
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Figure 6: Comparison between co-occurrence clusters and experimentally isolated cell types in the
dataset of mouse inner ear sensory epithelia. (a) In the confusion heatmap, each column was colored
by the percentages of cells in one co-occurrence cluster that belonged to each of the experimentally
defined cell type. The integer values in parentheses represented the number of cells. (b) tSNE was
applied to the percentage detection of gene pathways, embedding the cells according to the pathway

activity space. Cells were colored by the experimental clusters and the co-occurrence clusters.

iterated to lower levels of the hierarchical process. This was because the initial iteration examined
all cells in the dataset, which contained drastically distinct cell types that can be characterized by
the binary on/off expression states of many genes. The subsequent iterations examined cell clusters
derived from previous iterations, where the remaining heterogeneity typically manifested in relatively

smaller number of genes.

Co-occurrence clustering applied to the human prefrontal cortex

Co-occurrence clustering was applied to an scRNA-seq dataset of the developing human prefrontal
cortex, generated with SMART-seq2 [35]. This dataset was previously analyzed by a combination
of tSNE and Seurat, which defined six major clusters: neural progenitor cells (NPCs), excitatory
neurons, interneurons, astrocytes, oligodendrocyte progenitor cells (OPCs) and microglia [35]. The
data consisted of measurements for 24,153 genes across 2,394 single cells, and the dropout rate was
82%. When applied to this dataset, the co-occurrence clustering algorithm went through 25 iterations
with meaningful gene pathways and cell clusters, and eventually identified a total of 35 cell clusters.
The visualization of the co-occurrence clustering process contained five times more plots compared to

Figure 2, which were available in the supplementary materials. A comparison of the Seurat clusters and
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Figure 7: Comparison between co-occurrence clusters and seurat clusters in the human prefrontal
cortex dataset. Each column was colored by the percentages of cells in one co-occurrence cluster that

belonged to each of the experimentally defined cell type.

co-occurrence clusters is shown in Figure 7. Again, each column was dominated by one entry, which
showed that each co-occurrence cluster was nested within one Seurat cluster. Several rows contained
multiple entries close to 100%, indicating that the co-occurrence algorithm divided the Seurat clusters

into smaller clusters.

Co-occurrence clustering applied to separate mouse tissue types

To demonstrate the utility and scalability, the co-occurrence clustering algorithm was applied to the
Tabula Muris, which contained scRNA-seq data for about 100,000 cells from 20 organs and tissues in
mouse [36]. The organs included are skin, fat, mammary gland, heart, bladder, brain, thymus, spleen,
kidney, limb muscle, tongue, marrow, trachea, pancreas, lung, large intestine, and liver. Many of these
organs were processed using two methods, SMART-seq2 on FACS-sorted cells and microfluidic droplets
from 10X Genomics. The FACS-sorted SMART-seq2 dataset contained count data for 23,433 genes
across 53,760 cells, with an overall dropout rate of 89%. The droplet-based 10X dataset contained
count data of 70,118 cells for the same 23,433 genes, with an overall dropout rate of 93%. The Tabula
Muris allowed evaluation of co-occurrence clustering on datasets with similar underlying heterogeneity
but profiled by two different scRNA-seq technologies.

Co-occurrence clustering was applied to the droplet-based dataset and the FACS-based dataset

separately. In both datasets, co-occurrence clustering identified more than 100 cell clusters. Visual-
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Figure 8: Co-occurrence clustering applied to binarized scRNA-seq data of the Tabula Muris. (a) Co-
occurrence clustering separated tissue types in the droplet-based scRNA-seq data. (b) Co-occurrence

clustering separated tissue types in the FACS-based scRNA-seq data.

izations of each iteration of the co-occurrence clustering processes were available in the supplementary
materials. The Tabula Muris provided tissue type annotations for each individual cell, which was used
to evaluate whether the co-occurrence clustering algorithm was able to delineate various tissue types.
As shown in Figure 8, in both datasets, co-occurrence clustering successfully separated the tissue types
in both datasets, and identified further subpopulations within many of the tissue types. Figure 9 com-
pared the numbers of subpopulations co-occurrence clustering identified within each of the overlapping
tissue types in the two datasets, which were generally in line with each other for many of the tissue
types. However, there were also marked differences. For example, co-occurrence clustering identified

multiple cell clusters within trachea, lung and spleen in the droplet-based dataset, but only one cell
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Figure 9: Numbers of co-occurrence clusters identified within the overlapping tissue types between

the droplet-based and FACS-based dataset in the Tabula Muris.

cluster for each in the FACS-based dataset. This was partially because the distributions of cells across
the tissue types were different between the two datasets. Trachea, lung and spleen were the dominant
populations that accounted for 30%, 13% and 14% of the droplet-based dataset, whereas these three
tissue types together summed up to 9% of the cells in the FACS-based dataset. Despite the differences
in the number of identified subpopulations between the two dataset, this analysis demonstrated that
co-occurrence was able to work with large scRNA-seq datasets generated by different technologies,
and identify tissue types and subpopulations beyond the tissue types based on the binary dropout

patterns in the data.

3 Discussion

In this paper, the co-occurrence clustering algorithm was developed to identify cell clusters based on
binarized scRNA-seq data. The binarized data represented the dropout patterns in the data, namely
which genes were detected or undetected in each individual cell, while the quantitative gene expression
information was removed. Most existing computational methods for scRNA-seq treated dropout as

a problem to be fixed. Here, an opposite view was explored. The co-occurrence clustering algorithm
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embraced dropout as a useful signal for defining cell types. Using several scRNA-seq datasets generated
by different scRNA-seq technologies in various biology contexts, we demonstrated that co-occurrence
clustering on binarized data was able to effectively identify cell clusters, which largely agreed with
clusters derived from computational analysis of highly variable genes or experimentally defined tissue
types. These results provided strong evidences that the binary dropout patterns in the data is a useful
signal, and is as informative as the quantitative expression of highly variable genes.

In existing scRNA-seq analysis methods, feature selection is typically performed only once, as a
form of data preprocessing before running subsequent clustering algorithms. The two most popular
feature selection strategies are using highly variable genes and performing principal component analy-
sis, both of which are primarily driven by genes that exhibit high expression and/or high variation. In
the co-occurrence clustering algorithm, feature selection is re-visited in each iteration. Depending on
the set of cells under consideration, each iteration builds a gene-gene graph based on co-occurrence,
and applies community detection to identify gene pathways that are able to characterize the hetero-
geneity in the set of cells under consideration. As discussed in the Results section, the gene pathways
constructed in the initial iteration are often of larger size compared to those in later iterations. This is
mainly because the initial set of cells is typically more heterogeneous than the sets of cells considered
in later iterations. This observation suggests that different gene sets or pathways are optimal for
analyzing cell populations with different amount of heterogeneity.

In almost all of the datasets analyzed here, the co-occurrence clustering algorithm generated more
clusters than the previous analyses of these datasets, which can be both a blessing and a curse.
Although the dropout patterns showed clear differences among the clusters generated in each iteration
(Figures 2, 5, and supplementary materials), the results presented a challenge for interpreting the
biological functions and distinctions among the cell clusters. One strategy to reduce the number
of cell clusters is to bring back the quantitative gene expression information as a post-processing
analysis, and merge cell clusters that do not have significantly differentially expressed genes. Another
strategy is to put constraints on the gene pathways, such as removing genes associated to unwanted
variations among cells (e.g. cell cycle), requiring gene pathways to be sufficiently large, or prescribing
gene pathways by incorporating prior knowledge, which are all possible directions for extending the

co-occurrence clustering algorithm.
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4 Methods

Datasets

The Peripheral Blood Mononuclear Cells (PBMC) dataset was downloaded from 10X Genomics
(https://s3-us-west-2.amazonaws.com/10x.files/samples/cell/pbmc3k/pbmc3k_filtered_gene_
bc_matrices.tar.gz). The datasets on mouse inner ear sensory epithelia and human prefrontal cortex
were both downloaded from GEO, with accession numbers GSE71982 and GSE104276, respectively.
The Tabula Muris was obtained from the easy-data Github repository provided in the collabora-
tive computational tools for the Human Cell Atlas (https://github.com/czi-hca-comp-tools/

easy-data/blob/master/datasets/tabula_muris.md).

Convert scRNNA-seq count matrix into binary

The only data preprocessing required here is converting the count matrix into binary, where all the
dropouts are still 0, and all the non-zero counts are turned into 1 regardless of the expression level.

No normalization, transformation or imputation is required.

Filter genes and cells before co-occurrence clustering

In each iteration, the co-occurrence clustering algorithm focuses on the binarized expression data of
one cell cluster. Based on the binary data, the algorithm filters both genes and cells. More specifically,
the algorithm removes genes detected in too few cells, and removes cells in which too few genes are

detected. The default thresholds for both genes and cells were 10 for all the datasets analyzed in this

paper.

Construct gene-gene graph and gene pathways

Given the set of cells under consideration in the current iteration, the co-occurrence clustering al-
gorithm first evaluates the co-occurrence between each pair of genes using the chi-square statistics.
Based on the binarized data of two genes g1 and g9, denote A as the number of cells in which both
genes are detected, B as the number of cells in which g; is detected but go is undetected, C' as the
numbers of cells where g; is undetected but go is detected, and D as the number of cells where both

genes are undetected. The chi-square score is defined as (jfgﬁiigﬁgﬁgigig). If the score is large,

the two genes exhibit high co-occurrence. Random permutation is used to the define a threshold

for what score is considered as large. 10 randomly permutated datasets are obtained by randomly
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reshuffling each row/gene independently, and the highest chi-square score from the random data is
recorded. In the collection of pairwise chi-square scores from the actual data, for the ones smaller
than the best random score, the mean and standard deviation are computed. A threshold is defined as
the mean plus the standard deviation. An undirected unweighted gene-gene graph is then constructed
by applying the threshold to the pair-wise chi-square scores. The Jaccard index [32] is applied to
filter the unweighted graph into a weighted graph, and the Louvain algorithm [33] is applied to detect
communities in the gene-gene graph, which are referred to as gene pathways here. A pre-defined
threshold is used to discard gene pathways that are too small. If all the gene pathways produced by
the community dection algorithm are smaller the threshold, all of them are discarded, and the current
iteration ends without dividing the cells under consideration into clusters. The default threshold for

the minimum pathway size was 20 for all the datasets analyzed in this paper.

Construct cell-cell graph and cell clusters

For each gene pathway generated from the gene-gene graph, the percentage of detected genes is
computed for each cell. These percentages form a low-dimensional representation of the cells, where
the dimensionality is the number of gene pathways, and each dimension describes the activity of one
gene pathway in the cells. Using the pairwise Euclidean distance among the cells based on the pathway
activity representation, a k-nearest neighbor graph is constructed, which is an undirected unweighted
cell-cell graph. The Jaccard index is again applied to filter the unweighted graph into a weighted graph,
and the Louvain algorithm is applied to detect communities in the cell-cell graph, which are referred
to as cell clusters here. Cell clusters that are smaller than a pre-defined threshold are considered as
tiny clusters, and are merged into the nearest non-tiny cluster. Here, “near” is defined by Euclidean
distance based on the pathway activity representation. If all cell clusters are tiny, or only one cluster
remains after the tiny clusters are merged, the current iteration ends without generating new clusters.
In all the datasets analyzed in this paper, the default k was 5 for the k-nearest neighbor graph, and

the default threshold for tiny clusters was 10.

Merge cell clusters

Although the cell-cell graph is defined based on the pathway percentages of detection, the cell clusters
generated by community detection on the cell-cell graph are not necessarily prominently different
in terms of the pathway percentages of detection. Therefore, the algorithm further merges the cell

clusters according to three metrics of the percentages of detection: mean difference, mean ratio, signal-
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to-noisy ratio (SNR). For two cell clusters, the mean difference of a gene pathway is defined as the
difference in the mean of the pathway’s percentage of detection in the two cell clusters; the mean
ratio of the gene pathway is the ratio between the mean of the pathway’s percentage of detection in
the two cell clusters; the SNR of the pathway is defined as the mean difference over the sum of the
standard deviations of pathway’s the percentage of detection in the two cell clusters. In order for two
cluster to be considered as prominently different, the algorithm requires two criteria to be met: (1)
the maximum of their SNRs of the gene pathways is larger than 1.5, and (2) either the maximum
of their mean differences for the gene pathways is larger than 0.5, or the maximum of their mean
ratios is larger than 2. Clusters that do not meet these criteria are merged. After the clusters are
merged according to these criteria, any two resulting cell clusters will exhibit prominent difference in
at least one gene pathway, where prominent difference means that the SNR is larger than 1.5, and
either the mean difference is larger than 0.5 or the mean ratio is larger than 2. If only one cluster
remains due to these merging criteria, the current iteration ends without generating new clusters. If
otherwise, subsequent iterations of the algorithm will examine the resulting cell clusters separately,
and see whether they can be further divided in to sub-clusters that are prominently different in terms
of certain gene pathways. The values 1.5, 0.5 and 2 were the default for all the datasets analyzed in

this paper.

Availability

Source code for the co-occurrence clustering algorithm implementation is available at https://github.
com/pqgiu/cooccurrence_clustering.
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